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Abstract
Light-incoupling and light-trapping are major prerequisites for high efficiencies in solar
cells and modules. This is especially the case for silicon-based thin film solar cells, be-
cause the absorber thickness must be smaller than the absorption length of sunlight, for
both physical and economic reasons. This thesis investigates the directional and spectral
dependence of light-incoupling and light-trapping in solar cells. The directional depen-
dence of light-incoupling for glass-covered solar cells is dominated by the reduced trans-
mittance under angles exceeding the Brewster angle. The reduced transmittance results in
a loss in the annual yield of solar cells of about 2 %. The light-trapping does not notably
change under increased angles of incidence. To enhance the incoupling at the front of the
solar cell, the effects of a textured surface structure on the cover glass of the solar cell
are investigated. The texture reduces the reflectance at the air-glass interface and, addi-
tionally, reduces the reflection losses originating at the interface between the glass and
the transparent conductive oxide (TCO) as well as the TCO and the silicon (Si) absorber
due to the randomization of light. On samples without a textured TCO/Si interface, the
textured foil induces additional light-trapping in the photovoltaically active absorber ma-
terial. This effect is not observed for samples with a textured TCO/Si interface. In this
case, using tandem solar cells, a redistribution of light absorption in the top and bottom
subcells is detected. The anti-reflective texture increases the short circuit current density
in thin film silicon tandem solar cells by up to 1 mA/cm2, and the conversion efficiency
by up to 0.7 % absolute. The increase in the annual yield of solar cells is estimated to
be up to 10 %. Further, the spectral dependence of the efficiency and annual yield of a
tandem solar cell was investigated. The daily variation of the incident spectrum causes a
change in the current matching of the serial connected subcells. Simulations determine
the optimum subcell layer thicknesses of tandem solar cells. The thicknesses optimized
in respect to the annual yield overlap in a wide range for both investigated locations with
those for the AM1.5g standard spectrum. Though, a slight top limitation is favorable.
The daily variation is more crucial than the geographic location. Technologically it is
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not straight forward to design a tandem solar cell with optimum subcell thicknesses for
maximum efficiency. Matching the short circuit currents of the subcells maximizes the
overall current, but minimizes the fill factor. This thesis introduces a new definition for
the matching condition of tandem solar cells. This definition optimizes the power output
of the solar cell, instead of the short circuit current density. A new method is proposed
to quantify the power mismatch of a given solar cell by varying the composition of the
incident spectrum. Experimentally, it is shown exemplary on a silicon thin film tandem
solar cell that the efficiency can be increased by 0.5 % absolute by adopting the layer
thicknesses to the power matching instead of the current matching. Moreover, the effi-
ciency under standard conditions can be interpolated from the measurements without the
need for time-consuming calibrations. It is further shown in this thesis that an angle and
energy selectivity of the surface of a solar cell can enhance the light-trapping, and lead
to efficiencies in very thin cells above the theoretical limit for non-concentrating solar
cells. Simulations determine a theoretically achievable gain of up to 33 % in the annual
yield if the cell is tracked to the solar path. For non-tracked solar cells, simulations show
that there is a wide angle and energy range of acceptable restrictions that lead to only
minor losses but also not to gains. In experiments on hydrogenated amorphous silicon
thin film solar cells an enhancement of the overall path length in the device up to a factor
of 3.5 was demonstrated using a Bragg-like angle selective filter. This result emphasizes
the potential for directional selectivity to improve light-trapping. The total benefit of this
potential is, however, limited by parasitic absorption in the adjacent doped layers, in the
transparent conductive oxide and at the back reflector. The effective path length enhance-
ment was a maximum factor of about 1.5, in the wavelength regime close to the band
gap. Nonetheless, this thesis demonstrates an improvement in the short circuit current
density of hydrogenated amorphous silicon solar cells by 0.2 mA/cm2. This result is the
first experimental proof that the concept of directional selectivity is able to improve solar
cell performance.
Zusammenfassung
Optimierte Lichteinkopplung und Lichtsammlung sind Grundvoraussetzungen fu¨r maxi-
male Wirkungsgrade von Solarzellen und -modulen. Dies gilt insbesondere fu¨r Silizium-
basierte Du¨nnschichtsolarzellen. Aus physikalischen und wirtschaftlichen Gru¨nden muss
die Absorberdicke du¨nner sein, als die Absorptionsla¨nge des Sonnenlichts. Die vor-
liegende Arbeit untersucht sowohl die Richtungsabha¨ngigkeit als auch die spektrale Ab-
ha¨ngigkeit der Lichteinkopplung und -sammlung in Solarzellen. Die Richtungsabha¨n-
gigkeit der Lichteinkopplung in das Frontglas von Solarzellen wird bestimmt durch die
reduzierte Transmission unter Winkeln oberhalb des Brewsterwinkels. Dies hat einen
Verlust im Jahresertrag von ungefa¨hr 2 % zur Folge. Die Lichtsammlung a¨ndert sich
unter erho¨hten Einfallswinkeln nur unwesentlich. Um die Lichteinkopplung in das Front-
glas der Solarzelle zu verbessern, wurde die Auswirkung einer Oberfla¨chenstrukturierung
des Deckglases von Solarzellen untersucht. Diese reduziert die Reflexion am Luft-Glas-
U¨bergang. Durch die Brechung und Streuung des Lichts bewirkt sie eine zusa¨tzliche Re-
duktion von Reflexionsverlusten die von der Grenzfla¨che zwischen Glas und dem trans-
parenten leitfa¨higen Oxid (TCO) bzw. TCO und dem Siliziumabsorber (Si) stammen.
Fu¨r Proben mit untexturiertem TCO/Si U¨bergang, bewirkt die texturierte Oberfla¨che eine
zusa¨tzliche Lichtsammlung im photovoltaisch aktiven Absorbermaterial. Dieser Effekt
ist nicht sichtbar fu¨r Proben mit texturierter TCO/Si-Grenzfla¨che. In diesem Fall, detek-
tiert man in Tandemsolarzellen eine Umverteilung der Absorption zwischen der oberen
und unteren Solarzelle. Die reflexionsmindernde Textur fu¨hrt zu einer Erho¨hung der
Kurzschlussstromdichte von Du¨nnschichttandemsolarzellen von bis zu 1 mA/cm2. Der
Wirkungsgrad steigt absolut um bis zu 0,7 %. Die Erho¨hung des Jahresertrags wird auf
bis zu 10 % abgescha¨tzt. Daru¨ber hinaus wurde die spektrale Abha¨ngigkeit des Wirkungs-
grads und des Jahresertrags von Tandemsolarzellen untersucht. Tageszeitabha¨ngige Spek-
tren bewirken eine A¨nderung in der Stromanpassung von serienverschalteten Solarzellen.
Simulationen zeigen, dass die Schichtdicke der Einzelzellen von Tandems, die fu¨r einen
optimierten Jahresertrag beno¨tigt wird, in einem weiten Bereich mit den Schichtdicken fu¨r
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die AM1,5g-Standardoptimierung u¨bereinstimmen. Eine leichte Limitierung durch die
obere Solarzelle ist jedoch vorteilhaft. Es zeigt sich, dass der Tagesgang des Spektrums
kritischer ist, als die geographische Lage. Aus technologischer Sicht ist es nicht einfach
eine Tandemsolarzelle mit den optimalen Zelldicken fu¨r einen maximalen Wirkungsgrad
zu entwerfen. Die Anpassung der Kurzschlussstro¨me der Einzelzellen maximiert zwar
den Gesamtstrom, fu¨hrt aber zu einer Minimierung des Fu¨llfaktors. Die vorliegende Ar-
beit stellt die Leistungsanpassung als eine neue Definition der Anpassungsbedingungen
von Tandemsolarzellen vor. Diese Definition optimiert die Ausgangsleistung der So-
larzelle statt der Optimierung des Gesamtkurzschlussstroms. Eine neue Methode wird
vorgeschlagen, die die Leistungsfehlanpassung fu¨r eine gegebene Tandemsolarzelle quan-
tifiziert indem die Zusammensetzung des einfallenden Spektrums variiert wird. Experi-
mentell wurde gezeigt, dass die Effizienz einer Solarzelle um 0,5 % erho¨ht werden kann,
wenn man statt des Stroms die Leistung maximiert. Des Weiteren kann die Effizienz
unter Standardbedingungen ohne zeitaufwa¨ndige Kalibrierungen aus den Messungen in-
terpoliert werden. Die Arbeit zeigt auch, dass eine Winkel- und Energieabha¨ngigkeit der
Transmission der Solarzellenoberfla¨che die Lichtsammlung erho¨hen kann. Fu¨r sehr du¨nne
Solarzellen ko¨nnen Wirkungsgrade u¨ber dem theoretischen Limit fu¨r nicht-konzentrieren-
de Solarzellen erreicht werden. Anhand von Simulationen wurde ein theoretisch erreich-
barer Gewinn von 33 % im Jahresertrag bestimmt. Dazu muss die Solarzelle der Sonne
nachgefu¨hrt werden. Fu¨r nicht-nachgefu¨hrte Solarzellen zeigen die Simulationen, dass
eine Einschra¨nkung der Oberfla¨chentransmission in einem großen Winkel- und Energie-
bereich nur vernachla¨ssigbare Verluste nach sich zieht. Gewinne erzielt man jedoch auch
nicht. In Experimenten mit amorphen Siliziumdu¨nnschichtsolarzellen wurde eine Stei-
gerung der optischen Wegla¨nge im Bauelement um den Faktor 3,5 nachgewiesen, wobei
die Solarzelle mit einem winkelselektiven Schichtfilter bedeckt wurde. Dieses Ergebnis
betont das Potenzial der Winkelselektivita¨t als Konzept zur Verbesserung der Lichtsamm-
lung. Die Nutzung des gesamten Potenzials ist jedoch beschra¨nkt durch parasita¨re Ab-
sorption in den benachbarten dotierten, sowie den TCO-Schichten und im Ru¨ckreflektor.
Die effektive Verla¨ngerung der Wegla¨nge betrug nur einen Faktor 1,5 im Maximum im
Wellenla¨ngenbereich nahe der Bandkante. Dennoch zeigt diese Dissertation eine Erho¨hung
der Kurzschlussstromdichte um 0,2 mA/cm2. Dieses Ergebnis ist der erste experimentelle
Nachweis, dass das Konzept der Winkelselektivita¨t das Potential besitzt, die Leistung von
Solarzellen signifikant zu verbessern.
Chapter 1
Introduction
The first photovoltaic (PV) device was presented in 1954 by the Bell Telephone Labora-
tories [1]. It was a silicon-based pn-junction solar cell. Since then electrical energy from
PV devices has increased to a notable amount on the world wide energy market. A total of
7.5 GW were installed in 2009 (worldwide) [2]. The worldwide production of solar cells
has increased to 9.34 GW/a [2]. The forecast for the share of PV in the electrical energy
provided in Germany spans from 7 % to 20 % for the year 2020 [3].
Today, the crystalline silicon technology of the first solar device still holds ∼80 % of
the market share [4]. The competition for maximum solar energy conversion efficiency η
lead to laboratory efficiencies close to the theoretical limit. In the case of monocrystalline
silicon, η = 25 % [5] is reached in the laboratory, where η ≈ 28 % [6] is the theoretical
maximum. The record efficiencies in mass production are lower, η = 19 % [7]. The
typical thickness of a silicon wafer, the base of the solar cell device, is 180 µm-300 µm.
Most issues on material and physics of the conversion process are well understood.
Cost saving was so far the cause of a huge increase in the production volume and
of the advancement of the production technology [8]. Semiconductor-grade feedstock
material of high purity has been available for the solar cell industry. In the meantime the
PV industry has become too large to live from surpluses [8] and a supplying industry for
silicon raw material is developing.
To further decrease production costs, thin-film solar cell technologies are being de-
veloped. The thicknesses of the photovoltaically active thin-film material ranges from
several hundred nanometers to a few micrometers [9]. The production market share of
these technologies has increased from 2.8 % in 2001 to 25 % in 2009 [10]. The techno-
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logy has one big advantage, the lower price per Watt peak (Wp - power under standard
conditions). The price of monocrystalline silicon modules, 1.61e/Wp, is significantly
higher than that of thin-film solar modules, 1.02e/Wp [11]. Even lower prices have been
announced [12]. To further decrease the prices there is one approach that applies to both
technologies, i.e. light-trapping.
The term light-trapping denotes the process of keeping photons in the device for a
path longer than the absorber layer thickness. This ensures that less non-absorbed photons
are re-emitted. Light-trapping brings about several advantages. A longer optical path in
the absorber allows for thinner absorber layers saving material costs and production en-
ergy. The lower loss due to charge carrier recombination in the volume of thin absorbers
yields higher open circuit voltages and fill factors [13,14]. It is even possible to use mate-
rial of lower quality with shorter diffusion length, and still reach the same efficiencies as
thicker solar cells of high-quality material, but without light-trapping. Remember that the
surplus of semiconductor-grade feedstock material does not suffice anymore and material
is produced specifically for the PV market. Less restrictions in the quality lead to a lower
price.
Light-trapping was proposed in the 1970s [15]. The simplest light-trapping scheme
is a back side mirror. The optical path wo is twice the layer thickness w defined as the
cell volume divided by the cell area. The formula wo = 2w holds for a loss-less reflection
at the rear. A surface texture is often applied in solar cells in the laboratory and industry
to scatter perpendicularly incident light into oblique paths in the absorber. The back side
mirror and total internal reflection keep the photons in the device for multiple paths.
However, light-trapping is limited by thermodynamics. The crucial prerequisite
for using thinner cells is to optimize the path length of weakly absorbed photons within
the device in order to achieve a high absorptance. According to Yablonovitch [16], the
average path length of weakly absorbed light becomes 4n2 times the cell thickness, where
n is the index of refraction of the absorber material. However, this upper limit for light-
trapping only holds for perfectly randomizing – e.g. Lambertian – surfaces with an angle
of acceptance corresponding to the full half space. However, for angle selective structures,
the path length can be increased above the Yablonovitch limit, as shown by Min˜ano [17].
Min˜ano calculated the light path enhancement of an idealized step-function-like
angle selective filter with an acceptance angle θth on top of a scattering surface to be
4n2/ sin2 θth. For the case of unity transmittance only for the very small opening an-
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gle under which the cell sees the sun, the restricted transmittance leads to a light path
enhancement of up to a factor of 26000 for silicon, assuming an angle θth = 2.5 ◦ that
includes direct and circumsolar light, but almost no diffuse irradiation [18]. All light
impinging onto the solar cell or emitted by the cell itself under oblique angles is not
transmitted by such a filter. A Lambertian surface is used to generate oblique light paths
within the photovoltaic absorber material. In this way, photons that enter the cell with an
angle of incidence θ < θth are trapped. All irradiating sunlight from angles exceeding
θth and most of the diffuse light is blocked by such a filter. Obviously, this exclusion of
light implies significant losses. An optimization of the threshold angle θth for a specific
configuration is needed to estimate the maximum obtainable gain with such a filter, as
well as the loss that is induced by incorporating surface structures providing unwanted
angle selectivity.
This thesis is organized as follows. Chapter 2 presents the basic physics of solar
cells along with the experimental tools used to characterize them. The theoretical limits
of light-trapping are explained, as well as the simulations performed within this thesis. A
short overview on the Fresnel and related equations closes the chapter.
In Chapter 3 the angular dependence of the spectral response is investigated for stan-
dard silicon thin-film solar cells with flat glass cover. Under inclined incidence angle the
solar cell cross sectional area is reduced and the reflectance at the flat glass is enhanced.
Both leads to a decrease in the number of photons available for solar energy conversion.
The effect of the inclined incidence angle on the light-trapping in the cell is visible in
the internal quantum efficiency IQE. The IQE decreases for increasing incidence angle
at low and increases at high wavelengths. The effect is attributed to the slightly longer
path at oblique incidence angles through the parasitically absorbing front transparent con-
ductive oxide leading to the decrease, on the one hand, and the longer path through the
absorber layer leading to the increase, on the other hand, both in the respective wavelength
regimes. A significant effect in the angular response deviating from the afore mentioned
changes in the IQE was found for tandem solar cells with an intermediate reflector. The
reflector acts as an additional loss mechanism under high angles of incidence.
Chapter 4 is dedicated to the investigation of an anti-reflective light-trapping scheme
that is applied directly to the cover glass. The transmittance of the front surface is in-
creased and even under inclined incidence angles it is higher than the transmittance of flat
solar glass. The geometrical structure additionally acts as a light-trap, increasing the path
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length of weakly absorbed photons. For the investigated amorphous silicon-/ microcrys-
talline silicon (a-Si:H/µc-Si:H) tandem solar cells, an improvement in light-trapping of
up to κr = 1.23 compared to a solar cell with flat front glass was detected via reflection
measurements. The achieved gain in short circuit current density amounted to 1 mA/cm2
and the maximum efficiency increase was 0.7 % absolute. In the annual yield a gain of
10 % is reached due to the outstanding transmission under oblique angles of incidence.
The spectral composition of the illumination varies in the course of the day and
year. The laboratory optimization of multi-junction solar cells aims, however, at high
conversion efficiencies under a standard spectrum. Depending on the local conditions at
the outdoor location this standardized spectrum may not be the optimum in respect to
the annual yield. A resulting current mismatch of a series-connected multi-junction solar
cell gives losses in the yield. Chapter 5 addresses the spectral dependence of the output
power of an a-Si:H/µc-Si:H tandem in non-tracked mode on the local spectral conditions.
The surprising result is that the optimum junction thicknesses overlap in a wide range
for 99 % of the maximum power under the standard AM 1.5g spectrum and for 99 % of
the maximum annual yield at both investigated locations. However, a top limitation is
predicted to be advantageous for the optimum yield.
The spectral dependence of the current in the subcells of a tandem solar cell offers
an opportunity for laboratory investigations. Increasing one subcell current by changing
the irradiation in the respective wavelength regime is similar to changing the subcell layer
thickness. This fact is exploited in Chapter 6. A method is proposed that uses modified
illumination spectra to determine the necessary change in the subcell thicknesses for a
’power matched’ tandem solar cell with maximum efficiency. The method takes into
account that current matching does not imply maximum efficiency as it minimizes the
fill factor. Additionally the method allows for the determination of the efficiency under
AM1.5g standard illumination without the need for time consuming calibrations of the
measurement spectrum. An efficiency gain of 0.5 % was predicted for an exemplarily
investigated tandem solar cell.
Chapter 7 examines the impact of angularly dependent transmittance of the incident
solar spectrum on the photovoltaic conversion efficiency to evaluate the advantages and
disadvantages of angle selective structures. To minimize losses, energy selectivity is ad-
ditionally considered. As exemplary cases, the theoretical efficiency limits of crystalline
silicon solar cells equipped with angle and energy selective filters are calculated. The in-
Introduction 9
vestigation starts considering normal incidence and comparing the quantum efficiency and
cell efficiency of three different types of solar cells; a planar cell, a cell with Lambertian
surface, and a cell with Lambertian surface and selective filter. Next, the gain and loss in
the annual energy yield is investigated depending on the filter characteristics, irradiance
and tracking mode. The simulated cell thicknesses are 1 µm, 10 µm and 100 µm and the
solar spectra are regarded for two locations; the equator and Stuttgart, Germany. The
evaluation method is applicable to any angle and energy selective structure on top of or
below a photovoltaic absorber. Finally, two manufacturable filter designs are discussed,
Rugate filters and inverted opal structures.
The experimental realization of an angle selective filter is presented in Chapter 8.
A directionally selective multilayer filter is applied to a hydrogenated amorphous silicon
solar cell to improve the light-trapping. The filter prevents non-absorbed long-wavelength
photons from leaving the cell under oblique angles leading to an enhancement of the total
optical path length for weakly absorbed light within the device by a factor of κr = 3.5.
Parasitic absorption in the contact layers limits the effective path length improvement for
the photovoltaic quantum efficiency to a factor of κEQE = 1.5. The total short-circuit
current density increases by ∆Jsc = 0.2 mA/cm2 due to the directional selectivity of the
Bragg-like filter.
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Chapter 2
Fundamentals
This chapter serves as an overview on the theory of solar cells and on their experimental
characterization. Light-trapping in solar cells is discussed and the simulation tools used
in the thesis are explained. The chapter closes providing the crucial formulas on optics
needed to understand the argumentation in later chapters.
2.1 Silicon Based Solar Cells
In the experiments and simulation performed in the scope of this thesis solar cells of two
different materials are investigated, i.e. crystalline silicon and silicon thin film solar cells.
An explanation of the material properties and physical models follows. The specific solar
cell samples used in experiments are described in detail in the respective Chapters (3,4
and 8).
Crystalline Silicon Solar Cells
At present, crystalline silicon (c-Si) solar cells hold the biggest market share [19] with the
highest laboratory efficiencies reaching 25 % [5]. The dominance of crystalline silicon
as base material for solar cells is owed to the experience in silicon microelectronics [20].
The band gap of c-Si is highly suitable for solar energy conversion [21]. Besides a suitable
band gap, a photovoltaic material of choice needs first of all a high absorption coefficient.
The choice of c-Si seems rather astonishing when considering the suitability of an indirect
semiconductor as a photovoltaic absorber material. At first sight the absorption in an
indirect semiconductor seems to be insufficient. However as the diffusion length in c-Si
11
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exceeds the absorption length for photons with energies slightly above the band gap, there
is no problem with charge carrier absorption and collection. Yet, the absorption lengths
amount to several hundred micrometer close to the band gap and decrease slowly with
photon energy. Thick absorber layers are required to absorb the full solar spectrum.
In crystalline materials, the atoms are arranged in a periodic structure. The distribu-
tion of allowed energy states for the electrons in the c-Si material gives rise to an optical
and electronic energy gap. It is the nature of a semiconductor, that -in terms of energy- the
uppermost states forming the valence band are filled at low temperature. The next allowed
states that are empty at low temperatures form the conduction band. Electrons in the con-
duction band are only weakly bound, the term hquasi-freeh accounts for their ability to
move freely in the semiconductor while being attracted by the weak periodic electrostatic
potential of the positively charged crystal grid atoms. The number of quasi-free electrons
in the conduction band along with their mobility determines the conductivity.
The energetic maximum of the valence band and the minimum of the conduction
band differ in the wave-vector k-value [21]. Crystalline silicon is consequently an indirect
semiconductor. Crystalline silicon solar cells are diodes with a pn-junction. The diffusion
between the doped p- and n-type regions is compensated by a drift in thermodynamic
equilibrium. A space charge region penetrated by an electric field forms at the transition
between the p- and n-type doped layer. The common wafers used in the manufacturing
of solar cells are p-type doped with Boron, a thin n-type doped layer is diffused into the
top surface of the wafer (commonly Phosphorous is used). In a c-Si solar cell, the p-
and n-type doped layers absorb light and charge carriers diffuse (mainly) towards the pn-
junction. The electric fields at the junction and an additional field at the back ensure that
the charge carriers reach the respective contacts.
The equation
J = J0
(
e
[
qV
nidkT
]
− 1
)
(2.1)
applies to the pn-diode without illumination [22]. This so-called dark current-voltage-
characteristic (also called dark IV-characteristic or dark IV-curve) describes the depen-
dency of the current I (often the current density J is used) on the applied voltage V , the
saturation current or saturation current density J0 and the characteristic diode or ideality
factor nid. Here, q is the elementary charge, k the Boltzman constant and T the tempera-
ture. The one-diode model of the solar cell is used, the series resistance RS is neglected
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Fig. 2.1: a) Measured current density-voltage-characteristic and b) external quantum effi-
ciency EQE of a crystalline silicon solar cell. The dashed lines in a) mark the rectangle
whose area represents the maximum convertible power defined by the maximum power
point MPP and the corresponding current density Jmpp and voltage Vmpp. The short cir-
cuit current density Jsc and open circuit voltage Voc define another rectangle (grey area).
The quotient of the two areas is called fill factor. b) The band gap wavelength is approxi-
mately λgap = 1100 nm
(RS ≈ 0) and the parallel resistance RP is assumed to be infinite (RP = ∞). Under illumi-
nation the dark JV-curve shifts by the short circuit current density Jsc.
Figure 2.1 a) shows a measured illuminated JV-characteristic of a c-Si solar cell.
Most parameters used throughout this thesis to describe a solar cell can be derived from
the illuminated JV-curve. The open circuit current Voc = V(J = 0 mA/cm2), as well as the
short circuit current density Jsc = J(V = 0 V) are the intersection points of the JV-curve
with the respective axis as labeled in Fig. 2.1 a). The maximum power point MPP is
defined by the maximal convertible power Pmpp at current density Jmpp and voltage Vmpp.
The deviation of the shape of the JV-curve from the rectangle marked gray in Fig. 2.1 a)
is quantified by the fill factor
FF =
VmppJmpp
VocJsc
. (2.2)
The converted power Pmpp or the fill factor FF are used to calculate the solar cell effi-
ciency.
η =
Pmpp
Po
=
JscVocFF
Po
. (2.3)
More parameters describing the solar cell can be deduced from the JV-curve. See for
example [21] and [22].
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The converted current density Jsc depends on the photon flux φ(E) as
Jsc = q
∫
φ(E)EQE(E)dE . (2.4)
The external quantum efficiency EQE of a solar cell of thickness w (a typical thickness is
180-360 µm) describes the charge carrier generation and collection process for a specific
solar cell by
EQE(E) =
w∫
0
g(E, z) fc(z)dz . (2.5)
Here, g(E, z) is the generation rate that depends on the absorption coefficient α(E) of
the absorber material. The quantity fc(z) is the collection probability of charge carriers
generated at a distance z to the absorber surface. Thus, EQE(E) is influenced by the
optical performance and primary electrical losses of solar cells at a specific energy and
under a specific illumination.
A measured EQE(λ) is shown in Fig. 2.1 b). For crystalline silicon the external
quantum efficiency approaches unity and decreases for low energies/high wavelength.
The deviation of the experimental data from unity originates from reflection losses at the
wafer surface and the back and from unabsorbed low energy photons as well as from
parasitic losses. At the band gap energy of 1.1 eV corresponding to the wavelength of λ ≈
1100 nm the quantum efficiency is not yet decreased to zero. Transitions below the band
gap energy of the indirect semiconductor c-Si involve phonon absorption.
Silicon Thin-Film Solar Cells
Disadvantages of c-Si solar cells are the higher material costs compared to thin film solar
cells and the energy consumption during the fabrication process. This is the reason why
a lot of effort has been put in the investigation of new cheap materials with an absorption
coefficient higher than that of c-Si in the relevant energy range. Of these absorbers less
material is needed to convert the incoming solar irradiation. Hydrogenated amorphous
silicon (a-Si:H) is one example. Thin-film solar cells achieve, however, lower efficiencies
with the current record of a-Si:H of 10.1% (stabilized) [5, 23]. Their big advantage is
their low price [19]. Whereas c-Si solar cells are commonly sawn from solid ingots into
180 µm to 360 µm thick wafers, thin film hydrogenated amorphous and microcrystalline
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silicon (µc-Si:H) cells are deposited from the gas phase on a substrate, e.g. glass or plas-
tic. The layers are much thinner, typically a few hundred nanometers to 2 µm. Thus, the
material consumption is lower. Additionally less energy is needed in the production steps.
Amorphous Silicon Solar Cells
The structure of the afore described c-Si solar cells is rather distinct whereas the disorder
in the thin film material leads to potential fluctuations and dangling bonds. The local order
is sufficiently high to give rise to bands of electronic states similar to crystalline silicon.
The long range order that is missing results in random variations in potential and influ-
ences the behavior of the electrons in the valence and conduction band. Strained bonds
arise from slight changes in bonding angles and the non-regular lattice. In these states
charge carriers do not contribute sufficiently to the electronic transport in the material as
the mobility of the charge carriers in localized states is very low.
Potential fluctuations result in tails, strained bonds are associated with the valence
band tail, furthermore, defects such as dangling bonds and lattice vacancies lead to ad-
ditional localized electron states. In these localized states electrons are not considered
quasi-free anymore. Instead of a clear electronic and optical band gap, here one defines
an optical gap and a hmobility gaph.
The lack of long range order leads to a very important effect. The crystal momentum
is not a proper quantum number anymore [24]. Thus, amorphous silicon acts as a quasi-
direct semiconductor.
Whereas the optical properties are very suitable, the electrical properties are not
good enough for solar cells. Therefore, additional hydrogen is needed, that enters the
material in the plasma deposition. This procedure ensures electronic properties that are
good enough for the material to be used in solar cell applications. The hydrogen passivates
dangling bonds.
This relatively simple technology consisting of a deposition from the gas phase on
low-cost substrates is inexpensive and consumes less energy compared to wafer grown
crystalline material. In doped hydrogenated amorphous silicon, minority photo-carriers
do however not move far. The diffusion lengths in a-Si:H is as low as Ldiff ≈100 nm
and even lower in doped material [9]. The higher the doping, the higher is usually the
concentration of dangling bonds [22]. Thus, the probability that electron-hole pairs are
separated by the electric field in a pn-a-Si:H device before they recombine emitting a
photon is small.
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Fig. 2.2: a) Layers of an a-Si:H solar cell (not to scale). Light enters through the glass.
The rough transparent conductive oxide (TCO) scatters the incoming photons to enlarge
the light paths in the pin-solar cell. The back contact is formed by another TCO layer and
silver. Typical layer thicknesses are 1.1 mm glass, 700-1000 nm TCO, 10-15 nm p-layer,
150-300 nm i-layer and 20-25 nm n-layer of a-Si:H, 75 nm TCO back contact, 200 nm
silver. b) A tandem solar cell additionally comprises a pin-µc-Si:H bottom cell (total
thickness of a few micrometer) and in some cases an intermediate reflector.
The common pn-junction is not feasible for this technology. Instead, the pin-
configuration is used such that a strong electric field expands over the whole solar cell.The
introduced intrinsic layer spreads the depletion region between the p- and n-type a-Si:H
material. In the intrinsic layer, the lifetimes of the charge carriers are longer. The doped
layers are kept as thin as possible. Their electronic properties are so poor that the gen-
erated electrons (holes) in the p- (n-)type doped layers do barely contribute to the photo-
current.
Figure 2.2 shows the composition of a typical pin-a-Si:H solar cell. Light enters
through the front glass and is transmitted to the solar cell device. The incoming photons
are scattered by the transparent conductive oxide (TCO) front contact. The p-type layer
faces the incident light. As the mobility of holes is lower than the mobility of the electrons,
the p-layer as collection layer of holes is close to the location where most charge carrier
generation takes place. Thus, the travel distance for the holes is minimized. The i-layer
as main absorbing layer is thicker than the doped layers. The n-layer is followed by the
back contact consisting of a TCO layer and silver. The back reflection is enhanced using
this additional TCO layer.
Silicon Based Solar Cells 17
Light induced degradation is a draw back to the a-Si:H thin film technology. Under
illumination the conductivity of a-Si:H decreases as weak bonds break. This degradation
is also called Stabler Wronski effect [25]. The efficiency of a-Si:H solar cells decreases
from the initial value by ∼ 30% within the first 100 h under illumination [22]. The effect
is expected predominantly in the low-wavelengths range (below 600 nm) [26] and can be
reversed by a heat treatment. In all experiments of the thesis where measurements of the
same solar cell were compared the data was either measured in the same run or the sample
was annealed before the measurements. Degradation effects were so obviated.
Microcrystalline solar cells
Microcrystalline silicon is an indirect semiconductor material as c-Si. Thicker absorber
layers of up to a few micrometer are necessary to absorb the solar spectrum. Additionally
the deposition of the material is typically slow. The structure of the microcrystalline (µc-
Si:H) solar cells is complicated by its micro-structural properties involving a mixed phase
of crystalline and amorphous tissue, grain boundaries, inhomogeneity in the growth direc-
tion and columnar structure. The slow deposition leads to a higher energy consumption
in the production of µc-Si:H compared to a-Si:H solar cells. Thus, they are commonly
not used as stand alone solar cells in industrial applications. Their open circuit voltage is
lower than that of typical a-Si:H solar cells. Yet, they are more stable. Maximum stable
efficiencies are in the range of the efficiencies of a-Si:H. Due to the lower band gap, they
have their main field of application as the tandem partner of choice for a-Si:H.
Micromorph tandem solar cells
A tandem solar cell splits the incoming spectrum. By this more appropriate absorption in
the two single junctions less excess energy is produced. Figure 2.2 b) shows the typical
composition of thin film tandem solar cells. They are a stack of two single junction cells
where the top cell acts as a filter for the bottom cell. The single layers of the tandem
are even thinner than in the case of single junction cells. The current of the respective
junctions is consequently lower than in the case of single junction cells. A lower current
in turn implies less resistive losses. Moreover, thin a-Si:H solar cells are more stable than
thick a-Si:H cells. Light induced changes in the space charge distribution affect the higher
electric fields of thin cells less.
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In some cases, an intermediate reflector is inserted between the top and bottom
component of a tandem solar cell as depicted in Fig. 2.2 b). This intermediate layer
reflects non-absorbed photons of low wavelengths to enable a further thinning of the top
solar cell.
Care must be taken with respect to the junction thicknesses of the two subcells. Sil-
icon based thin film tandems are commonly composed of series connected layers of an
a-Si:H subcell and a µc-Si:H subcell. The open circuit voltages Voc of the single compo-
nent cells add up. The junction thinning leads to higher fill factors and a higher subcell
open circuit voltage [13, 14, 22]. The overall current is, however, limited by the subcell
that delivers the least current. In order not to waste material and derogate performance
tandem solar cells are current matched, i.e. the junction thicknesses are adapted to deliver
equal currents.
The overall efficiencies of tandem solar cells are higher than the single junction ef-
ficiencies of a-Si:H or µc-Si:H solar cells [22]. The record initial and stable efficiency are
14.1% [27] and 11.7% [28].
Losses in the EQE of thin film solar cells
The external quantum efficiency EQE would be unity in case of zero front reflectance,
no parasitic absorptance, and perfect collection of all generated charge carriers below a
threshold wavelength. Figures 2.3 a) and b) show the sources of the electrical and optical
losses in an a-Si:H/µc-Si:H tandem solar cell that lead to a deviation of the quantum
efficiency from unity [29]. Light impinging onto solar cells is lost if it is reflected at
the glass interface. The reflectance amounts to ∼ 4% and is approximately wavelength
independent. Further optical reflection losses occur when light is reflected at the glass-
TCO and TCO-semiconductor interface. In the high wavelength range non-absorbed light
leaves the device after being reflected at the back.
The glass and the transparent conductive front contact (TCO) as first absorbing
layers are responsible for large losses of low wavelength photons. As visible in Fig. 2.3 a),
green glass used for the Asahi U substrates and TCO absorb also in the high wavelength
range.
As labeled in the plot, the adjacent layer, the front p-type doped silicon absorbs
parasitically mainly the low wavelength photons. Due to the high recombination in the
doped layer, the generated charge carriers do barely contribute to the current. Parasitic
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Fig. 2.3: Absorptance ai in the single layers of a micromorph tandem solar cell (af-
ter [29]) for a) a tandem on Asahi U substrate and b) on Corning-ZnO. Reflection losses
include the front reflectance and the re-emission of non-absorbed photons. Parasitic ab-
sorption of low wavelengths photons takes place mainly in the front glass, front trans-
parent conductive oxide (TCO) and front p-layer. Photons of higher wavelengths reach
deeper layers and are partly parasitically absorbed in the doped a-Si:H and µc-Si:H lay-
ers, in the ZnO and silver back contact, and also in the front TCO and glass. The quantum
efficiency is made up of the remaining absorbed and collected charge carriers.
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losses in the wavelength range above 450 nm occur as well in all other doped a-Si:H and
µc-Si:H layers and at the ZnO-Ag back contact.
The absorbed photons that generate charge carriers that then reach the contacts make
up the quantum efficiency EQE. A dip in the EQE is sometimes found at ∼ 500 nm, this
is most probably due to an increased reflectance at the boundary between the glass and
the TCO. For more information see [29–31].
The thickness of the i-layer is commonly not sufficient to absorb all photons in the
high wavelength range up to the band gap. As the i-layer thickness is restricted by the low
diffusion length light-trapping comes into play.
2.2 Light-Trapping
For weakly absorbed photons, the number of photo-generated charge carriers in solar
cells is restricted by the length w of the optical path of the incoming radiation in the
photovotaically active material [32]. In a single path a fraction
a(λ) = 1 − e−α(λ)w (2.6)
of the incoming radiation is absorbed according to Beerhs law. Here, w = d equals the ab-
sorber layer thickness d. A mirror at the back doubles the path to w = 2d. Light-trapping
techniques aim at prolonging the traveled path especially of weakly absorbed low energy
photons. The common way to do so is to texture the cell surface. Experimentally, optical
gains up to a factor of ten have been reported for textured substrates and weakly absorbed
light [16, 33]. Texturing causes oblique light paths so that light is trapped by total inter-
nal reflection at the front surface. Based on the optical theorem of e´tendue conservation
(applies to geometrical optics), Brendel [32] states that the average path length does not
exceed l¯max = 4n2weff under isotropic illumination. Here, weff is the ratio of cell volume
to cell area and n the refractive index of the absorber material. (A factor of 2 takes into
account the back reflector, another factor 2 comes from the oblique light traversal, and n2
comes from the density of photon states that scales with ∝ n3 and the speed of light c that
scales with c/n and is needed to calculate the photon flux from the photon density of states,
the photon energy and the Bose–Einstein statistics. For a detailed derivation see [32,34].)
This complies with Yablonovitch [16], who states that the average path length of weakly
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Fig. 2.4: A Lambertian scatterer causes oblique light paths in the solar absorber. The
back side is assumed here as perfectly specular reflecting.
absorbed light becomes 4n2 times the cell thickness. Yablonovitchhs argument is funda-
mental and not based on any particular form of texturing. Min˜ano and Luque show that
the Yablonovitch limit applies to any geometrical light-trapping scheme [17, 35, 36].
Lambertian light-trapping causes an isotropic distribution of the light rays after a sin-
gle interaction of the incoming light with the Lambertian scatterer. To show that the
corresponding light-trapping limit is the Yablonovitch limit, I assume a solar cell with
Lambertian scatterer at the front and a perfectly specular reflecting back side, rb = 1. A
sketch is given in Fig. 2.4. The path lengths l of single scattered photons are distributed
according to the cosine-scattering of the Lambertian texture. Thus, the transmittance of
light traveling once through the cell from front to rear an back is according to [37]
tc =
∫ 2pi
0
∫ pi/2
0
e−
2α(E)w
cos θ cos θ sin θdθdϕ∫ 2pi
0
∫ pi/2
0
cos θ sin θdθdϕ
,
=
1 − 2α(E)w
e2α(E)w
+ [2α(E)w]2
∞∫
α(E)2w
t−1e−tdt . (2.7)
As mentioned before, I assume unity and specular back side reflection. On a single path
through the absorber from front to rear and back, the absorptance is
a1(2αw) = 1 − tc . (2.8)
The second path starts with the transmitted light that was reflected at the front and amounts
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Fig. 2.5: The absorptance aL of a solar cell with Lambertian scatterer rises with 2αw.
For weakly absorbed light, 2αw approaches zero and the slope ∆ equals the Yablonovitch
limit of light-trapping, 4n2.
to
a2(2αw) = rLtc(1 − tc) . (2.9)
The variable rL depicts the reflectance at the Lambertian scatterer and equals (1-1/n2).
The same happens for the following paths. The sum equals a geometric series, thus
aL(2αw) =
∑
i
ai(2αw) =
1 − tc
1 − rLtc . (2.10)
Figure 2.5 shows the absorptance aL rising with αw. For weakly absorbed light 2αw
approaches zero, the derivative
∆ =
daL(2αw)
d(2αw)
∣∣∣∣
2αw=0
= 4n2 (2.11)
is equal to the Yablonovitch limit (see also [32,34,37]). Lambertian light-trapping is con-
sidered in Chapter 7. The limit amounts to 51×w in the case of crystalline silicon, where
n ≈ 3.6.
Universal light-trapping limit for completely randomized light In order to proof the
universal limit for light-trapping named after Yablonovitch [16], I compare the flux emit-
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ted by a photovoltaically active material with the flux absorbed by the solar cell. I apply
Planckhs radiation law
ψ(ν)dνdΩ =
2hν3
(c/n)2
1[
e(
hν
kT ) − 1
]dν dΩ . (2.12)
It is common to introduce the frequency ν of the emitted photon, later it is more convenient
to switch to the energy E = hν or wavelength λ. Here, ψ(ν) is given in Wm−2Hz−1.
The variable Ω denotes the solid angle, h Planckhs quantum, c the vacuum velocity of
light, n the refractive index of the considered material, k Boltzmannhs constant, and T the
temperature. For simplicity I use the abbreviation
ψbb(ν) =
2hν3
c2
1[
e(
hν
kT ) − 1
] . (2.13)
In thermal equilibrium and for ideal light-trapping, the volume of a photovoltaic absorber
is penetrated by a perfectly randomized flux of photons per frequency interval within the
solar absorber of thickness w, i.e.
ψ˜(ν)dν = 4pi n2 α(ν) wψbb(ν)dν . (2.14)
The integration over all angles yields 4pi, the velocity of light is reduced in the material,
therefore the square of the refractive index n2 needs to be regarded. The flux scales with
α(ν)w.
The same photovoltaic absorber is assumed to have an optimum out-coupling at the
front surface. In the regarded energy range α(ν)w << 1 all photons are transmitted to the
ambient. The photons emitted by the absorber are in equilibrium with the absorbed pho-
tons received from outside according to Kirchhoffhs law. Note that in the thermodynamic
equilibrium considered here both temperatures (of the ambient and of the absorber) are
equal. The photon flux emitted by the absorber into the angles θ and ϕ is thus given by
d3ψ˜em(ν, θ,ϕ) = a(ν, θ,ϕ)ψbb(ν) sin(θ) cos(θ)dθdϕdν . (2.15)
The factor sin(θ) is introduced to switch from the solid angle to spherical coordinates,
cos(θ) accounts for the area reduction under inclined θ, a(ν, θ,ϕ) denotes the absorptance
of the photovoltaic material. The two fluxes are equal when assuming perfect out-coupling
and no re-absorption,
4pi n2 α(ν) wψbb(ν)dν = a(ν, θ,ϕ)ψbb(ν) sin(θ) cos(θ)dθdϕdν
4pin2α(E)w =
∫ 2pi
0
∫ pi/2
0
a(E, θ,ϕ) sin(θ) cos(θ)dθdϕ . (2.16)
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Equation (2.16) is the the Yablonovitch limit, the ultimate limit for light-trapping. A
Lambertian light-trapping scheme for the complete randomization of the incident light
inside the absorber is only one example for an angle independent absorptance a(E). Then,
Eq. (2.16) yields
4n2α(E)w = a(E) . (2.17)
The limit is general and valid for thermodynamic reasons. Light paths exceeding the limit
do not contradict the statement. The equation applies to the integrated absorption over all
path lengths l. The path length distribution f (l) assumed here is arbitrary. The average
path length is
l¯ =
∫ ∞
0
f (l)ldl . (2.18)
The absorptance defined via Beerhs law
a = 1 −
∫ ∞
0
f (l)e−α(E)ldl . (2.19)
is equal to
a = α(E)l¯ (2.20)
for weakly absorbed light [17], as exp(−α(E)l) ' 1 − α(E)l. Thus, Eq. (2.17) is valid for
the average path length
4n2α(E)w = a(E) = α(E)l¯ , (2.21)
4n2w = l¯ . (2.22)
Yet, it is common to state that the Yablonovitch limit is overcome, when the value
l = 4n2w , (2.23)
is outperformed by any path.
Angular confinement makes it possible to overcome the absorptance and light path en-
hancement limits for angle independent absorptances when regarding non-isotropic illu-
mination [38]. Within the scope of this thesis we present an angle selective filter, see
Chapter 7.
Min˜ano [17] calculated the light path enhancement of an idealized step-function-
like angle selective filter with transmittance t(E, θ < θth) = 0 and t(E, θ > θth) = 1 with
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an acceptance angle θth on top of a scattering surface to be 4n2/ sin2(θth). Equation (2.16)
applies to this case as well, for such a step function of the absorptance a(E, θ) it yields
the same result
4pin2α(E)w = 2pi
∫ pi/2
0
a(E, θ) sin(θ) cos(θ)dθ
= 2pi
sin2(θth)
2
a(E, θ > θth)
4n2α(E)w
sin2(θth)
= a(E, θ > θth) . (2.24)
For the case of unity transmittance only photons with incidence angles greater than the
opening angle under which the cell sees the sun, the angularly restricted transmittance
leads to a light path enhancement of up to a factor of 26 000 for silicon, assuming an angle
θth = 2.5 ◦ that includes direct and circumsolar light, but almost no diffuse irradiation [18].
All light impinging onto the solar cell or emitted by the cell itself under oblique angles
is blocked by such a filter. A Lambertian surface can be used to generate the required
oblique light paths within the photovoltaic absorber material.
Efficiencies above the Shockley-Queisser limit [39] for non-concentrated sun-light
are theoretically possible. The increased light-trapping and thus cell absorptance allows
for the use of thinner solar cells, which results in a lower material consumption. As an-
other important implication, thin cells have a better carrier collection, such that lower
quality and cheaper photovoltaic absorber materials may be used. The minority charge
carrier generation rate per unit volume and thus the steady state carrier concentration in-
crease as well. As a result less entropy is produced per photon, leading to a larger open
circuit voltage [13].
State of the art
Since the first discussions on light-trapping have arisen in the mid 1970hs [15], there has
been a lot of research in that field. Wafer solar cells are commonly etched to introduce
a less reflective, scattering texture. The inverted pyramids etched into the surface of
monocrystalline solar cells, used for example in the famous PERL-cell [40], imply an
enhancement of the effective optical thickness by a factor of 40 [41] for weakly absorbed
light. The honeycomb texture used by the same research team for multicrystalline solar
cells is comparably effective. Thin film solar cells are commonly deposited onto rough
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substrates. In 1983 Tiedje et al. [42] report an enhancement of the effective light path at
long wavelengths by a factor of 25 in amorphous silicon deposited on a rough reflecting
substrate.
Current approaches to further increase the light-trapping in thin solar cells span
from geometric light-trapping schemes to wave optics targeting a specific wavelength
range. Wave optics is applied using grating couplers [43–47], surface plasmon enhanced
light-trapping [48–51], scattering into guided modes by nano particles [52–54], and pho-
tonic crystals (in 1D [55–58], 2D [55,56] or 3D [59–61]. Gratings are strongly dependent
on the incidence angle of the illumination and on the wavelength, this is disadvantageous
compared to random textures [62]. Using silver nanoparticles at the back side, Eminian et
al. [63] report an enhancement of the light path by a factor of 10 in thin film amorphous
silicon solar cells in nip-configuration. Ferry et al. [64] show that, for well-designed
plasmonic nanostructures, the absorption enhancements can exceed those from random
surface topography commonly applied in a-Si:H solar cells. Photonic Crystals offer inter-
esting opportunities for further research. Mallik et al. [65] measured an enhancement by a
factor of 8 in the optical absorption in the relevant spectral range for a ultra-thin photonic
crystal crystalline silicon solar cell over a solid slab of equivalent volume.
2.3 Experimental Characterization Techniques
Solar Simulator
The solar simulator used in this work combines a Xenon and a Halogen light source
with several filters and mirrors to produce a spectrum similar in intensity and spectral
composition to the AM1.5g standard. To ensure standard conditions, the sample is kept
at the temperature 25◦. The current voltage-(IV)-characteristic is measured automatically
with a computer-operated voltage source that is capable to measure currents (SMU 238
from KEITHLEY).
Dark and illuminated IV-characteristic are measured. Among other quantities the
efficiency η, open circuit voltage Voc, short circuit current Jsc and the fill factor FF are
determined. Local inhomogeneities in the illumination are measured using a crystalline
reference solar cell and are accounted for. Temporal illumination inhomogeneities are
usually below 2%.
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Quantum Efficiency Measurement Setup
Besides the IV-curves that describe the performance and losses of a solar cell, the external
quantum efficiency EQE(λ,Vbias) is a powerful characterization tool. The EQE is math-
ematically defined as the number of collected photo-generated electron hole pairs Ne−
divided by the number of incident photons Nγ for respective energies E or wavelengths λ
EQE(λ,Vbias) =
Ne−(λ,Vbias)
Nγ(λ)
= S (λ,Vbias)
hc
qλ
, (2.25)
where the spectral response S (λ,Vbias) = Jph/G equals the collected photocurrent density
Jph divided by the power density G of the impinging illumination, h is the Planck con-
stant, c the vacuum velocity of light, q the elementary charge. A bias voltage Vbias can
additionally be applied to the sample. When Vbias = 0 V are applied, the integrated prod-
uct of the EQE(λ) and the AM1.5g spectrum yields the short circuit current Jsc according
to Eq. (2.4).
In the measurement setup the sample is illuminated with monochromatic modulated
light of a Xenon lamp that passed a grid monochromator and a chopper. The spectral
response S (λ,Vbias) is measured using lock-in technology. The wavelength resolution
amounts typically to ∆λ =10 nm. The photon flux is determined by a calibrated reference
cell. The illuminating spot is smaller than the sample size to avoid lateral collection of
photons and electrons from regions exceeding the cell area. For more details see [66].
When measuring tandem solar cells, we encounter the problem of current limitation
of the subcell that delivers no or less current due to the monochromatic illumination.
Therefore a bias illumination is used in these measurements. The limiting current must
be the one of the investigated single cell while the respective partner cell is saturated by
the bias light. The current in the outer circuit is measured and can be used to calculate the
quantum efficiency of the investigated cell. More details can be found in [67].
The turnable sample holder allows for a determination of its tilt angle θ, and thus for
the determination of the angle dependent EQE(θ) for angles 0 ◦-80 ◦. With a higher tilt of
the sample holder, the normal measurement spot (diameter 0.8 cm) extended to an ellipse.
To prevent the spot from illuminating more than the sample area (mostly 1 cm2), we used
a lens. The smaller spot (diameter 0.2 cm) has a lower intensity (due to absorption in
the lens) but a higher flux per area. From measurements of the same cell under the two
irradiation conditions we calculated a correction factor. The wavelength dependence is
weak and neglected in the angle-selective measurements.
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Optical Spectrometry
A Lambda950 spectrometer (Perkin Elmer) is used for the transmission and reflection
measurements. The spectrometer utilizes a double monochromator that spectrally decom-
poses the light of a Deuterium and a Tungsten lamp using two synchronously-working op-
tical gratings. The monochromatic light splits up into two beams after passing a chopper,
a sample beam and a reference beam. They enter an integrating sphere through different
openings. The sample beam either hits the sample before entering the integrating sphere
(transmission) or after passing the sphere once (reflection). The reference beam enters
the sphere at a side, not hitting the sample. After several reflections at the walls of the
sphere, the light enters the detector. The detectors are a photomultiplier (λ < 860 nm) and
a NIR-diode (λ > 860 nm). The beams are measured at the detector one at a time, making
use of lock-in technology. The acquired value for the reflection or transmission of the
sample is calculated from the fraction of measured intensities from the two beams. An
additional reference measurement with a white scatterer gives the absolute intensity of
the sample beam. The sample opening is kept small to minimize the hits of the light rays
on the sample instead of the surface of the integrating sphere in the collection process.
To ensure that the direct fraction in the reflection measurement does not escape through
the opening for the sample beam, the sample and the beam opening are not exactly per-
pendicular but enclose an angle of 8 ◦. The total reflection rt is measured with a closed
integrating sphere (only openings for the incoming beams and the detector). For measur-
ing the diffuse reflection rdif we open a slit opposite the sample through which the directly
reflected light escapes. The direct fraction of the transmission or reflection is the diffe-
rence of the data of the two described measurements, rdir = rt − rdif. The direct, diffuse
and total transmission is detected similarly making use of the respective opening. The
spectral resolution of the measurements amounts to ∆λ < 4 nm. The uncertainty in the
acquired data is in the range of 2%. Additional sources of errors are present in the NIR
(lower intensity and lower detector sensitivity) implying an increase of the uncertainty to
4%. The used detectors and gratings switch at ∼860 nm, sometimes artifacts are visible at
that wavelength. For more details see [68].
This thesis also shows angle dependent reflectance and transmittance data. This
data has been measured by project partners at the Fraunhofer Institute for Solar Energy
Systems in Freiburg. For measuring this data a spectral goniometer was used. The go-
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niometer consists of a turnable sample holder, a lamp and a Fourier spectrometer on a
turnable arm. To measure the reflectance of a sample which is tilted by the angle θ, the
detector arm is turned to a position 180 ◦-2θ, so that the direct reflection is detected. Thus,
with the chosen measurement mode only the direct part of the angle dependent reflection
was measured.
2.4 Simulation of Performance and Annual Yield
The annual yield of solar cells has been simulated. The consideration of the annual yield
is crucial in the scope of this thesis as the work concentrates on the effect of the direc-
tional and spectral dependence of light-trapping beyond standard laboratory conditions.
The incidence angles of sun light as well as the spectral distribution vary throughout the
day and year. The annual yield gives a more appropriate estimate on the effect of the
considered light-trapping or anti-reflective schemes and the spectral dependence.
The yield calculations in this thesis serve to proof and roughly judge the investigated
effects and feasibility of the presented ideas related to light-trapping and in-coupling at
specified locations. I do not aim at an exact estimation of the yield. The simulations
account for those factors that have a primary relevance for the investigated effects in the
specific operation mode.
Already in the 1980s the question has come up to complement the efficiency as the
solar cell characterizing parameter by a quantity judging the annual yield [69, 70]. Since
then extensive experimental and theoretical studies have been carried out facing the task
to quantify the effect of incidence angle, degradation of solar absorber material, local
weather conditions, module temperature and the spectral distribution of the incident sun
spectrum [71–79]. There are various approaches to calculate the local irradiation [80–87]
as well as the diffuse and direct fraction of the incident light [88–91]. In respect to the
solar cell itself, various device simulators have been developed [92–97]. Nevertheless no
standard procedure to estimate the annual yield has been established so far. The method
used in this thesis is explained in the following paragraphs.
As common in the experimental characterization of solar cells, all simulations use
at least in a first step an AM1.5g solar spectrum incident normally onto the device under
test. The spectrum is taken from [98]. The letter hgh stands for global (hemispherical)
comprising the direct and diffuse fraction of the irradiating spectrum. The term global
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a) b)
Fig. 2.6: a) Angles of the path of the sun seen from the equator and from b) Ju¨lich. The
red line marks the positions of the sun at the same time of day during one year.
does not apply to the globe of the earth. The AM1.5g spectrum is a northern American
(continental US) standard. The conditions are considered a reasonable average for the 48
contiguous states of the USA over a one year period. The receiver area for the standard
is 37 ◦ tilted towards the equator, facing the sun. The selected tilt angle complies appro-
ximately with the average latitude of the specified US states. The air mass value m = l/h,
i.e. the length l of the path through the atmosphere compared to its thickness h, amounts
to 1.5, which implies an angle of 48 ◦ between the sun and the local zenith. The irra-
diated power is normalized to 1000 W/m2. For detailed information on the atmospheric
conditions of the standard see [99, 100].
The Incident Solar Spectrum
The angle of incidence of the solar irradiation depend on the geographic location on
earth and on the local time. Figures 2.6 a) and b) show the apparent position of the sun,
defined by the solar zenith θsun and azimuth ϕsun angle, for the two locations a) equator
and b) Ju¨lich, Germany. The temporal resolution is 1 h, only the first day of the labeled
months are shown. The time is given as universal coordinated time. The algorithm used
is a numerical approximation of astronomical equations with an uncertainty of the solar
position angles of ±0.0003 degrees, according to the authors Reda and Andreas [101].
Figure 2.6 a) shows the apparent trajectory of the sun that would be experienced during
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Fig. 2.7: The tracking modes are a) no tracking (tilted module), b) tracking around the
azimuthal axis, c) horizontal tracking, d) two axis tracking, e) polar tracking.
the year close to the equator. At exactly the same time of day, for example at noon, the
sun describes a form called analemma throughout the year. This form is marked red in
Figs. 2.6 a) and b). Would the earth travel along a circular path with no axial tilt, the sun
would appear at the same position at the same time each day. The analemma would be a
dot. Due to the elliptic and not circular orbit of the earth and the ecliptic, the axial tilt of
the earth, the sun appears at positions higher or lower and further east and west. Figure
2.6 b) shows the same circumstance for Northern Germany. In winter, the days are short
and the altitude of the sun is low even at noon. In summer the sun rises far in the east and
reaches high altitudes. The days are longer.
Tracking or tilting a solar cell is commonly used to increase the average area facing the
source of irradiation. Figures 2.7 a) - e) show the simulated situations. First, I consider
tilted modules, as shown in a). Tracking is cost intensive and needs frequent maintenance.
This technique is commonly not used for low cost solar cells, but for high efficiency con-
centrator systems. Yet, to keep the considerations general, I simulate various tracking
modes. Two axis tracking, see d), brings the highest energy yield as the solar panel can
always be adjusted such that the whole area faces the main source of irradiation, i.e. the
sun or the brightest spot in a cloudy sky. One axis tracking can be implemented along b)
an azimuthal, c) a horizontal or e) along a polar axis.
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The solar spectrum corresponding to the solar positions is calculated using a simple
clear-sky-algorithm, SPCTRL2 [80]. We have chosen two/three geographical locations;
the equator, for simplicity, and Stuttgart/Ju¨lich, Germany. The precision of the whole
simulation is limited by the uncertainty of the atmospheric condition as it is affected
by permanent meteorological changes and the local constitution of the atmosphere. The
algorithm used to calculate the spectra serves only as a rough estimate. A higher precision
is not needed so far as our aim is to make a first general statement on the change in the
annual yield and the efficiency of solar cells under various conditions.
The direct φdir(E, θsun,ϕsun), circumsolar φcc(E, θsun,ϕsun) and diffuse φdiff(E) solar
spectrum are calculated as photon flux density dependent on the energy E for a chosen
location and for one year with a temporal resolution of 1 h. The algorithm SPCTRL2
is based on a measured extraterrestrial spectrum and accounts for the effects of precip-
itable water vapor and ozone, as well as surface pressure and ground albedo at the chosen
location, for the respective solar position and solar cell orientation/tilt angle [80]. The di-
rect sunlight is subject to Rayleigh and aerosol scattering as well as aerosol, water vapor,
ozone and uniformly mixed gas absorption and depends on the earth-sun distance. Diffuse
light originates from Rayleigh and aerosol scattering as well as from multiple reflections
between ground and air and depends on the direct fraction and the angles between mod-
ule and sun. The circumsolar fraction of the incidence light consists of the direct and
the diffuse fraction and stems from forward scattering in the earth atmosphere (mainly
Mie-scattering).
The total optical power
Po =
∫ ( [
φdir(E, θsun,ϕsun) + φcc(E, θsun,ϕsun)
]
cos(θi) + φdiff(E)
)
EdE , (2.26)
that impinges onto the solar cell is the integrated sum of the direct, circumsolar, and
diffuse solar spectrum times the energy E. The received power depends on the incidence
angle θi of the sunlight towards the cell normal, i.e. the effective cell area reduction for
oblique incidence angles of the direct and circumsolar sunlight onto the cell. We model
the diffuse spectrum φdiff(E) as isotropically distributed over the full halfspace applying a
cos(θ)-weighing. The deviation from the real distribution depends on module orientation,
tilt angle and local weather conditions [102].
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A more detailed consideration would have to work out a more realistic distribution
of the diffuse spectrum and one would have to include clouds into the model. However,
this thesis only aims at a first glance on the losses due to an angle dependent quantum
efficiency and the expected efficiency boost by directional selective filters.
Solar Cell Model
The simplest way to estimate the annual yield using the simulated incidence spectra is to
use measured quantum efficiencies EQE(θ, E) and measured current voltage-(IV)-curves.
As the solar cell area under outdoor conditions is not always fully facing the sun, again
the factor cos(θ) is introduces to account for the reduced photon density impinging on the
area declined by θ towards the sun. The photon density stemming directly from the sun
is reduced to φdir cos(θ). The short circuit current density Jsc of the cell is then given by
Jsc,dir,cc(t) = q
∫
φdir,cc(E, t)EQE(E, θ,ϕ) cos(θ)dE, (2.27)
where the angles θ and ϕ of the incident light are given for a time t. The letter q stands
for the elementary charge. The diffuse fraction of the incident light φdiff(E, t) is incorpo-
rated by calculating Jsc,diff(t) according to Eq. (2.27) inserting for the quantum efficiency
EQE(E, θ,ϕ) an average over all angles of the measured quantum efficiencies
EQE(E) =
∫ 90◦
0◦
∫ 360◦
0◦ EQE(E, θ,ϕ)dθdϕ∫ 90◦
0◦
∫ 360◦
0◦ dθdϕ
. (2.28)
The resulting current density Jsc,diff(t) adds to the Jsc,dir,cc(t) calculated for the direct and
circumsolar fraction with its given angles of incidence to a total Jsc(t).
Under the assumption that the light intensity does not affect the shape of the JV-
curve within the range of the simulation, the JV-curve can be shifted to the respective
calculated Jsc(t). From the shifted curves we determine the temporally resolved open
circuit voltage Voc(t), fill factor FF(t), efficiency η(t), as well as converted power Pc(t).
The annual yield corresponds to the sum of the converted power
∑
Pc(t) and is given in
Wh/cm2a. This simple simulation is used in Chapter 3.
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For crystalline silicon, we calculate the external quantum efficiency with Eq. (2.5)
EQE(E) =
w∫
0
g(E, z) fc(z)dz ,
or approximate it, assuming perfect carrier collection, by the absorptance a(E) ≈ EQE(E)
so that Eq. (2.27) changes to
Jsc(t) = q
∫
φ(E, t)a(E)dE . (2.29)
The use of Eq. (2.5) requires the calculation of the generation rate g(E, z) and the col-
lection efficiency of charge carriers fc(z) at a depth z in the photovoltaic absorber. For a
single-sided pn-junction, the collection efficiency reads
fc(z) = cosh(
z
Ld
) − Ld/Leff sinh( zLd ) . (2.30)
The effective diffusion length Leff is given by
Leff = Ld
S b sinh( dLd ) +
Dn
Ld
cosh( dLd )
S b cosh( dLd ) +
Dn
Ld
sinh( dLd )
, (2.31)
according to [103], where the bulk diffusion length is Ld = (Dnτ)1/2, with the minority
carrier lifetime τ and the diffusion constant Dn. We further assume the back surface
recombination velocity Sb to be zero. The details of these latter calculations as well as of
the calculation of the generation g and absorptance a are given in Chapter 7 for a flat solar
absorber as well as a solar cell with Lambertian scatterer.
The diffuse fraction is regarded as described before. Instead of determining the
open circuit voltage Voc(t) from a measured JV-curve, we calculate
Voc(t) =
kT
q
ln(
Jsc(t)
J0
+ 1) . (2.32)
The thermal energy kT is taken at T = 300 K. A time-dependent change in the temperature
is not regarded. The saturation current density J0 is composed of the radiative part J0,rad,
as given in [104], and the non radiative recombination J0,nonrad, see [9], according to
J0 = J0,rad + J0,nonrad (2.33)
with
J0,rad = q
∫
2piE2
h3c2
e
qV
kT EQE(E)dE (2.34)
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and
J0,nonrad = q
n2i Dn
NaLeff
. (2.35)
Here, h is Planckhs constant, c the vacuum speed of light, ni =1010 cm−3 the intrinsic
charge carrier concentration of crystalline silicon, and Na=1.5×1016 cm−3 the chosen dop-
ing concentration. The ideal fill factor FF is calculated using [105] according to
FF(t) =
qVoc(t)
kT − ln(qVoc(t)kT ) + 0.72
qVoc(t)
kT + 1
. (2.36)
Finally, the converted power Pc(t) is given by the product
Pc(t) = Jsc(t)Voc(t)FF(t) . (2.37)
The annual yield is again the sum of the converted power Pc(t) for all given spectra ac-
cording to the temporal resolution
Pc,year =
∑
Pc(t) . (2.38)
The solar cell efficiency
η(t) =
Jsc(t)Voc(t)FF(t)
Po(t)
=
Pc(t)
Po(t)
, (2.39)
depends on the incident optical power Po(t) and the converted power Pc(t). Note that tem-
perature effects are not accounted for.
ASA-advanced semiconductor analysis
In case of thin film solar cells, the latter calculations are not applicable. The coupled trans-
port equations can not be solved analytically for the considered solar cells. The modeling
of transport and recombination in these thin-film devices is well developed [106–110]. An
accurate optical modeling of the scattering at textured interfaces is, however, challenging.
One approach is to determine the single layer surface topography with atomic force mi-
croscopy and then to solve Maxwellhs equation in three dimensions on a multi-layer stack
with the experimentally determined topography. Unfortunately, this procedure [111, 112]
is extremely time consuming and requires high performance computers.
Tao et. al., Krcˇ et. al., and Zeman et. al. [113–117] propose a computationally
efficient approach. Their advanced semiconductor analysis (ASA) simulation tool [118]
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is a device simulator that solves numerically a set of mathematical models describing the
electronic and optical properties of a semiconductor device. The simulation tool solves
simultaneously the Poisson equations and the continuity equations for the charge carri-
ers, electrons and holes. It was specifically developed for the purpose of modeling the
electronic and optical properties of thin film solar cells at Delft University of Technology,
since 1987. The basic optical model not only includes incoherent scattering of light at all
rough interfaces, but also considers the coherent nature of specular light by using wave
optics. Thus, interference patterns are also simulated.
The ASA simulation works in two steps. First, optical layer data (refractive index
n, extinction coefficient κ) and interface data (haze H, angular distribution function ADF)
are inserted into the program as input data for the optical simulation, which delivers a
generation rate profile g(z, λ) at depth z in the material as output data. Then, the generation
rate profile g(z, λ) is used as input data for the electrical simulation together with many
electrical parameters. As output data we get among others directly measurable properties
like the current voltage-(IV)-characteristics and the external quantum efficiency EQE(λ).
The electrical parameters for the a-Si:H junction are based on [119]. For the µc-Si:H layer
parameters from [106] were slightly modified. The optical parameter set (n and κ) was
improved with data from phase modulated spectroscopic ellipsometry and photothermal
deflection spectroscopy [29, 31] of the single silicon layers and the front and back TCO.
The haze was calculated with the semi-empirical equations [120, 121].
2.5 Fresnel Equations
The formulas presented in this chapter can be found in textbooks on optics, e.g. [122].
Fresnel Equations and Brewster Angle
The Fresnel equations describe the reflection and refraction of irradiation at uniform pla-
nar interfaces. Augustin-Jean Fresnel (1788-1827) deduced these formulas as one of the
founders of the wave theory of light. At an interface between two layers of different re-
fractive indices n1 and n2, both reflection and refraction of light may occur. The law of
reflection states that the angle of reflection θr equals the incidence angle θi, the angle of
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Fig. 2.8: a) The Fresnel equations apply to the transmittance of parallel tp and perpen-
dicularly ts polarized light from air into glass and b) from glass into air (t is the total
transmittance). The Brewster angle and the critical angle are labeled in the graphs.
refraction of the transmitted light beam θt is given by Snellhs law
n1 sin(θi) = n2 sin(θt) . (2.40)
The fractions of reflected to incident and transmitted to incident power are labeled here
the reflectance r and the transmittance t. (The common labeling by the capital letters hRh
and hTh is not used to prevent confusion with the symbols for the resistance and for the
temperature.) The permeability µ of air and glass is approximately equal to the vacuum
value. The given equations apply only to non-magnetic media and are a simplification of
the general more complicated Fresnel equations. The equations for perpendicular (s-) and
parallel (p-) polarization read
ts =
tan(θi)
tan(θt)
(
2n1 cos(θi)
n1 cos(θi) + n2 cos(θt)
)2
, (2.41)
tp =
tan(θi)
tan(θt)
(
2n1 cos(θi)
n2 cos(θi) + n1 cos(θt)
)2
. (2.42)
For unpolarized light, the transmission coefficient equals the average of both values
t = (ts + tp)/2. The coefficients for the reflection are rs = 1 − ts and rp = 1 − tp. For
unpolarized light the reflectance equals the average r = (rs + rp)/2.
Figure 2.8 shows the angle dependence of the transmittance at an air-glass and
glass-air interface. For non-absorbing materials as glass and air the refractive index is
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a real number. For incidence from the optically thin to the optically thicker medium, rp
decreases to zero at the Brewster angle θB, where the p-polarized ray is purely refracted.
n1 sin θB = n2 sin(90◦ − θB) = n2 cos(θB)→ θB = atan
(
n2
n1
)
(2.43)
This occurs at θB ≈ 56◦ for the air-glass interface. For the opposite direction, optically
thick to optically thin material (glass to air), total internal reflection occurs above the
critical angle of θcrit = asin [n2/n1 sin(0◦)] ≈ 42◦ where rs = rp = 1.
Bragg Equation
When light makes multiple reflections at various parallel surfaces, multiple beams gener-
ally interfere with another. The transmission and reflection is then wavelength dependent.
These interferences occur however only for reflections at layers with thicknesses compa-
rable to or smaller than the lighths coherence length, i.e. a few micrometers for white light.
The cover glass of a solar cell is not affected by interference. Anti-reflection coatings and
optical filters make use of this effect to decrease the reflectance for a certain wavelength,
i.e. in the case of Si3N4 or SiO2 on crystalline silicon wafers. By adapting the layer thick-
ness of the anti-reflection coating and by increasing the number of layers, the reflectance
at one chosen wavelength can be decreased to almost zero. The shift of the wavelength λp
of the interference pattern with angle of incidence θi obeys the Bragg equation [122,123]
nλp = 2d sin(θi) . (2.44)
Here d is the thickness of the anti-reflective layer and n its refractive index. By using an
aperiodic layer stack the coating can be expanded to a broad band anti-reflective coating.
Chapter 3
Angular Response of Thin Film Solar
Cells
Solar cells in the field experience both a change in the irradiation spectrum and angle
of incidence from the light source. The angle of incidence of sunlight may vary during a
single day between 0 ◦ and 90 ◦. The characterization of common solar cells is, however,
performed under standardized condition, i.e. perpendicular incidence. This chapter aims
at answering to what extend the angle of incidence influences the external quantum effi-
ciency and light-trapping and thus the output power. The chapter starts with an overview
of the substrates and samples. Then, the influence of the used substrates on the scattering
properties within the samples is investigated. Measured angle dependent reflectance data
are given and external and internal quantum efficiencies for amorphous and microcrys-
talline single junction and micromorph tandem solar cells. A simulation based on the
angle dependent quantum efficiency data of the investigated single junction solar cells
determines the overestimation due to a neglected angular response to 2 % in the annual
yield.
3.1 Introduction
The knowledge of the electro-optical properties of solar cells illuminated under variable
angles of incidence contributes to the comprehension of its electrical performances when
exposed outdoors to solar irradiation. Optical losses significantly reduce the energy output
of solar modules [73]. An oblique angle of incidence affects the performance threefold,
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(i) less photons are available as the flux incident onto the cell area is reduced, (ii) the loss
due to reflectance on the front is increased and (iii) the internal paths are prolonged.
The angular response of solar cells is dominated by the flux reduction (i) [124].
The cosine of the increasing incidence angle describes the reduction in flux when the
cross sectional solar cell area opposed to the source of radiation decreases. This effect is
inherent to the setup and could only be avoided by tracking.
The reflectance of textured and non-textured solar cells decreases with increasing
angle of incidence (ii) [124–128]. When cells are encapsulated, the flat front glass dom-
inates the angular response independent of the cell technology or cell surface morphol-
ogy [124]. The front reflectance of flat cover glass obeys the Fresnel equations (2.5).
Measurements supplementing the reflectance data are necessary to investigate inter-
nal light path enhancements (iii). Up to my knowledge, there is no experimental study on
the angle dependent external quantum efficiency of silicon thin film solar cells. Pflaum
et al. [129] simulated the internal quantum efficiency of hydrogenated amorphous sili-
con (a-Si:H) solar cells under various angles and found a difference between the red and
blue wavelength range. While in the blue range the quantum efficiency remained mainly
unchanged under varying angle, the quantum efficiency increased in the red range under
oblique angles. Here, the light-trapping improved.
In 2007-2009, Dennler et al. [130] and Cheyns et al. [131] showed that the external
quantum efficiency of organic solar cells has an angular dependency. Meyer et al. [132]
state that the observed increase in the quantum efficiency at angles close to the Brewster
angle originates from interference patterns that shift and expand with angle of incidence.
In their experimental study, Dennler et al. also calculated the angle dependent internal
quantum efficiency of organic solar cells. They used measured external quantum efficien-
cies and calculated absorptances. The angle dependency vanished almost completely in
the internal quantum efficiency.
In this chapter, measurements of the reflectance and quantum efficiency of amor-
phous and microcrystalline single junction and micromorph tandem solar cells under
oblique illumination are shown. These data allow for an investigation of the angle de-
pendence of light-trapping (iii) regarding the corresponding light incoupling (ii). Indeed,
with increasing angle of incidence, a decrease in the internal quantum efficiency for small
wavelengths and an increase for long wavelengths was detected. A simulation based on
the single junction cell data shows that disregarding the angular response of the external
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2 µm 200 nm
Fig. 3.1: SEM images of a) sputtered and post-etched ZnO on Corning glass (C) and b)
the commercial Asahi-U substrate (A). Note the different scales in a) and b).
quantum efficiency overestimates the annual energy yield by only 2 %. The intermediate
reflector used in tandem solar cells has a considerable effect on the quantum efficiencies.
3.2 Properties of Substrates and Solar Cells
Table 3.1 provides a list of all samples investigated. The list comprises three different
common thin-film solar cell types, i.e. hydrogenated amorphous silicon (a-Si:H) single
junction solar cells, hydrogenated microcrystalline (µc-Si:H) single junction solar cells
and micromorph tandem (a-Si:H/µc-Si:H) solar cells. The substrates are Corning glass
with etched ZnO (labeled hCh) and green glass with SnO2 (Asahi-U, labeled hAh). The
absorber thicknesses are given in Tab. 3.1. The numbers 1-3 are used to denominate
the thickness of the solar cells (samples aA1 and aC1 are the thinnest and aA3 and aC3
are the thickest samples). The thickness was measured using a Dektak-device. All rear
contacts are made of two layers, ZnO/Ag, except for sample mC2*, where a single Ag-
layer forms the back reflector. The samples tA1IR and tA2IR are tandem solar cells with
an intermediate reflector (IR) between the two subcells.
The samples were deposited onto two different substrates. The scanning electron
microscopy pictures given in Fig. 3.1 a) and b) show the surfaces of the different transpa-
rent conductive oxides (TCO) textures. The etching of the ZnO substrate leads to smooth
craters, substrate C in Fig. 3.1 a), whereas the Asahi-U substrate, substrate A in b), is
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Tab. 3.1: The sample names given in this table are used as abbreviations. A: green
glass with SnO2 (Asahi-U), C: Corning glass with etched ZnO, a: a-Si:H, hydrogenated
amorphous silicon, m: µc-Si:H, hydrogenated microcrystalline silicon, t: tandem solar
cell, IR: intermediate reflector. The top solar cell thickness is dtop, whereas the bottom
solar cell thickness is dbottom. The sample marked by ’*’ has a single Ag layer back
reflector instead of a double layer of ZnO and Ag.
sample number type substrate dtop dbottom IRL back
[nm] [nm] contact
aC1 09b348 a-Si:H C 244 – – ZnO/Ag
aC2 09b347 a-Si:H C 322 – – ZnO/Ag
aC3 09b346 a-Si:H C 414 – – ZnO/Ag
aA1 09b351 a-Si:H A 175 – – ZnO/Ag
aA2 09b356 a-Si:H A 292 – – ZnO/Ag
aA3 08b280 a-Si:H A 410 – – ZnO/Ag
mC1 09b556 µc-Si:H C 1130 – – ZnO/Ag
mC2 09b565 µc-Si:H C 1180 – – ZnO/Ag
mC2* 09b565 µc-Si:H C 1160 – – Ag
mC3 09b570 µc-Si:H C 1850 – – ZnO/Ag
tA1 09b168 a-/µc-Si:H A 187 1306 – ZnO/Ag
tA2 09b265 a-/µc-Si:H A 246 1958 – ZnO/Ag
tA1IR 09b137 a-/µc-Si:H A 148 1469 µc-SiO:H ZnO/Ag
tA2IR 09b076 a-/µc-Si:H A 246 3917 µc-SiO:H ZnO/Ag
made of sharp edges. Moreover, the feature size of the structure of substrate A is much
smaller. These textures lead to a different scattering behavior of the transmitted incident
radiation.
Figure 3.2 a) shows the total transmittance (straight line) and the diffusely scattered
fraction (dashed line) for the two different glass substrates with their respective TCO
layers. Substrates A and C were illuminated from the glass side with monochromatic
light in the wavelength range λ = 300 nm-1300 nm. The transmittance is measured with
an integrating sphere. Obviously, the haze, i.e. the ratio of diffusely scattered to totally
transmitted irradiation is smaller in the case of substrate A than in the case of substrate C.
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Fig. 3.2: Substrate C (black) and substrate A (orange) have a different transmittance.
a) The diffuse transmittance of sample C is much higher than the diffuse transmittance
of sample A, whereas a similar total transmittance originates from both substrates. b)
Measured at λ = 550 nm, substrate C scatters mainly into small angles, substrate A
scatters predominantly into higher angles.
Figure 3.2 b) displays the scattering angles for a perpendicularly incident laser beam
of λ = 550 nm. The reflectance and transmittance are given in arbitrary units. Substrate C
scatters mainly into smaller angles, whereas substrate A scatters into larger angles.
The direct transmission data of the cover glasses, resolved in angle and wavelength,
are presented in Figs. 3.3 a) and b). As shown in a), the wavelength dependence is weak
for Corning glass, whereas green glass, shown in b), absorbs at high wavelengths leading
to a decrease in the transmittance at high wavelengths λ for all angles of incidence θi. The
angle dependence follows the Fresnel equations (2.5).
3.3 Angular Response of a-Si:H Solar Cells
The angular response of the reflectance r(λ, θi) of a solar cell deposited on the cover
glasses and TCOs was measured as well as the external quantum efficiency EQE(λ, θi) of
these a-Si:H solar cells. From these data the internal quantum efficiency IQE(λ, θi) and
the short circuit current density Jsc(θi) are calculated.
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Fig. 3.3: a), b) The direct transmittance of the cover glass without TCO decreases notably
for angles of incidence exceeding the Brewster angle θi > 50◦. a) The wavelength depen-
dence for the Corning glass (without transparent conductive oxide) is very weak. b) In
case of the green glass the transmittance additionally decreases for higher wavelengths.
c), d) The direct reflectance of the a-Si:H solar cells aC2 and aA2 were measured wave-
length dependent under various angles of incidence. c) The reflectance of the samples on
substrate C is fairly smooth, whereas in case of substrate A in d), interferences are visi-
ble. The external quantum efficiency EQE of samples aC2 in e) and aA2 in f) decreases
significantly only for angles of incidence θi > 50◦. Interference patterns shift towards
smaller wavelengths with increasing angle of incidence (marked with a lilac line).
Angular response of a-Si:H solar cells 45
0 1 5 3 0 4 5 6 0 7 55 0 0
5 5 0
6 0 0
6 5 0
5 5 0 6 0 0 6 5 0
2
3
4
5

 
pea
k w
ave
leng
th λ
p [n
m]
θ*
#"&% %%


n 

	!)#
 ref
rac
tive
 ind
ex n

('%λ
$$
	)#

n 

Fig. 3.4: a) The shift of the maxima in the interference pattern can be approximated by
the Bragg equation. b) The detected refractive index of the material that is the origin of
the interference is identified as a material of n ≈ 2.2 (TCO) for sample aA2. For sample
aC2 the refractive index is n ≈ 4.5 (a-Si:H).
Figures 3.3 c) and d) exemplarily show the measured reflectance for sample aC2 in
c) and aA2 in d). Similar to the transmission of the front glass, the changing angle of
incidence affects the measurement corresponding to the Fresnel equations only when θi is
beyond 50 ◦. The interference patterns for the amorphous solar cell sample aA2 on sub-
strate A (lower haze) is more pronounced compared to sample aC2 on substrate C (higher
haze). The shift of the interference maxima to smaller wavelengths with increasing angle
of incidence according to Eq. (2.44) is observed.
The external quantum efficiency EQE(λ, θi) varies with the angle of incidence as
shown in Figs. 3.3 e) and f). For samples aC2 and aA2 the changes in EQE(λ, θi) are
again significant only for angles of incidence exceeding θi > 50◦. The maxima of the
interference patterns shift towards lower wavelengths with increasing angle of incidence.
This shift is marked with a lilac line. In case of the sample on substrate C (aC2), the
wavelength shift of the maximum is lower than for the samples on substrate A (aA2).
The shift in the interference patterns in r(θi) and EQE(λ, θi) is due to the Bragg
effect. The decrease in the peak wavelength can be roughly approximated by the Bragg
equation (2.44) as shown in Fig. 3.4 a) for EQE(λ, θi). One can derive from the Bragg
equation, that the origin of the interference is a layer with refractive index n=2.2. In
the considered wavelength range, this is approximately the refractive index of the front
TCO or a combination of TCO and the a-Si:H p-type layer, as shown in Fig. 3.4 b).
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The smaller wavelength-shift detected for the samples on substrate C would correspond
to a refractive index n of 4.5 which equals approximately the one of the absorber layer,
amorphous silicon. The refractive indices n(λ) were taken from [29].
The internal quantum efficiency
IQE(λ, θi) =
EQE(λ, θi)
1 − r(λ, θi) (3.1)
is used to make visible small changes in the efficiency of the light-trapping. An increased
light-trapping does not necessarily imply an increase in the IQE. The IQE increases only
if the light-trapping changed and contributes under inclined illumination predominantly
to the EQE. A decrease in the IQE corresponds to a larger contribution to the parasitic
absorptance, see App. A. Note that in case of the EQE-measurement, the illuminating
spot was focused by a lens onto the solar cell. In the reflectance measurement setup the
cell to be measured was illuminated with a spot larger than the sample dimensions. Thus,
the information on the two quantities does not stem exactly from the same position.
Figures 3.5 a), b) and c) show the dependence of the internal quantum efficiency
IQE(λ, θi) on the wavelength λ and angle θi of the incident radiation for sample aC2 on
substrate C. Darker blue marks higher angles. In Fig. 3.5 a), a weak decrease in IQE(λ, θi)
with increasing angle of incidence is observed between ∼450 nm and ∼500 nm.
High angles of incidence produce oblique light paths, these rays travel longer through
the parasitically absorbing front TCO and front doped layer. Thus more light is absorbed
where it does not contribute to the EQE(λ, θi), also the IQE(λ, θi) decreases then. How-
ever, the path length prolongation in the TCO is small. Applying Snellhs law, the maxi-
mum oblique angle for light entering a flat TCO layer from an air-interface is θ = 32 °.
Assuming a thickness dTCO of the TCO layer, the oblique angle causes a path of 1.2dTCO,
20% longer than the perpendicular path. Thus, the effect is weak (see also [133]).
From ∼650 nm to ∼750 nm, shown in Fig. 3.5 c), the IQE(λ, θi) rises with increa-
sing angle of incidence θi. Besides the small angle range in high refractive index material,
and additionally to the scattering, the data suggest that under oblique incident illumination
the light paths in the silicon layer are elongated and lead to a higher usable absorption.
Figure 3.5 d), e) and f) show the same data for sample aA2 on substrate A. In the
short wavelength range, see d), the effect of the decreasing IQE(λ, θi) can not be observed.
This may be due to the different positions and areas illuminated by the light spot in the
quantum efficiency and reflection measurement setup.
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Fig. 3.5: The internal quantum efficiency IQE(λ, θi) is marked with light blue to dark
blue lines for increasing angle of incidence. As in b) and e) the angle dependent effect
is barely visible for samples aC2 and aA2, a zoom into the short and long wavelengths
ranges is given in a), c) and d), f). In the short wavelengths range in a) a slight decrease
of the IQE(λ, θi) of aC2 with increasing angle of incidence is detected, whereas in d)
for aA2 the effect is not clearly visible. For longer wavelengths there is a small increase
in the IQE(λ, θi) of sample aC2 in c) and aA2 in f) after a turning point at ≈ 650 nm.
The effect is attributed to the longer path through the parasitically absorbing TCO (small
wavelengths) and the longer path through the absorber (long wavelengths).
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At λ ≈ 600 nm, shown in Fig. 3.5 f), an interference pattern shifts to lower wave-
lengths with increasing angles of incidence θi. As for the sample on substrate C, one
observes an increase in IQE(λ, θi) at wavelengths λ > 650 nm that is ascribed to the
increased path lengths in the absorber layer.
The increase and decrease in IQE(λ, θi) in the long and short wavelength range
have been predicted by Pflaum et al. [129] in a simulation of the IQE(λ, θi) of a-Si:H
solar cells. These effects are not pronounced as -due to Snellhs law the angles inside the
solar cells are small (up to θ = 32 ◦ in the TCO and up to 13° in a-Si:H for flat cells).
To quantify the directionally dependent changes detected in the EQE(λ, θi) I calcu-
lated the converted short circuit current densities Jsc(θi) using Eq. (2.4) under AM1.5g
illumination. The data are shown in Fig. 3.6 a). Solar cells on substrate C are marked
by open squares, cells on substrate A are marked by filled squares. The symbols are
connected by lines to guide the eye. The maximum current densities found at θi = 0 ◦
amount to 12-17 mA/cm2 which are typical values for a-Si:H solar cells. The similar con-
verted current densities of sample aC2 and aC3 indicate a similar absorber layer thickness.
Therefore, the absorber layer thicknesses of all a-Si:H samples are being measured again
with a more precise method. For all investigated a-Si:H solar cells on substrates C and A,
as already found for the EQE(λ, θi), the decrease in Jsc(θi) with angle of incidence θi is
significant only for angles of incidence θi above 50 ◦.
In Fig. 3.6 b) and c) Jsc(θi) is normalized to Jsc(θi = 0 ◦). As the reduction due to
increasing angle of incidence is independent of the cell thickness, the calculated norma-
lized current densities of the samples of various thicknesses would overlay. I show only
one exemplary curve for each substrate, i.e. aC2 in b) and aA2 in c).
The black line gives the normalized transmittance of Corning glass in Fig. 3.6 b)
and green glass (without TCO layer) in c) for 500 nm - 800 nm, respectively. The purple
line in Fig. 3.6 b) and c) corresponds to the transmittance of glass calculated using the
Fresnel equations (2.5).
The shape of the curves is not equal. I conclude from the data that the angular
response mainly comes from the angle dependency of the transmittance and reflectance of
the cover glass. Applying the Fresnel equations, only the front surface was regarded. The
equations are not applicable to rough interfaces. An additional influence of the reflectance
at the rough interface between glass and the semiconductor and at the back contact is
probably the source of the steeper decrease of Jsc(θi)/Jsc(0◦) with increasing angle. A
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Fig. 3.6: a) The short circuit current density Jsc(θi) decreases with the angle of incidence
and increases with the solar cell thickness. Increasing sample numbers (aC1-aC3 and
aA1-aA3) correspond to an increased absorber layer thickness. b), c) The black lines
show the normalized transmittance of Corning glass and green glass averaged for 500 nm
to 800 nm, respectively. The purple line marks the theoretical decrease after the Fresnel
equations applied to the air-glass interface. The normalized Jsc(θi)/Jsc(0◦) of sample aC2
in b) and of sample aA2 in c) follow mainly the angle dependent transmittance of the front
glass.
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Fig. 3.7: The black line marks the normalized transmittance of Corning glass averaged
from 500 nm to 1100 nm. In purple the transmittance after the Fresnel equations is given.
The samples shown are mC2 (squares-solid line) and mC2∗ (stars-dashed line), the latter
solar cell has a single Ag layer as back reflector instead of the ZnO/Ag double layer.
The normalized short circuit current density drops according to the transmittance into the
glass substrate.
polarization dependence was excluded by a revision of the polarization dependence in the
EQE-measurements.
3.4 Angular Response of µc-Si:H Solar Cells
The decrease in the normalized short circuit current density Jsc(θi) of the µc-Si samples,
given in Fig. 3.7, shows the same trends for the angular response as the a-Si:H samples.
The angular dependence of the thin film solar cells is dominated by the reflectance at the
air-glass interface. However, the Jsc(θi) of the cell with the Ag-back reflector (mC2*,
dashed line) decreases less with increasing angle than that of sample mC2 with ZnO/Ag
back reflector (squares, solid line).
Angular Response of µc-Si:H Solar Cells 51


 

0 . 0
0 . 2
0 . 4
0 . 6
0 . 8

 
exte
rna
l qu
ant
um
 eff
icie
ncy
 EQ
E
θ	
0 . 0
0 . 2
0 . 4
0 . 6
0 . 8



 
 


 θ	




4 0 0 6 0 0 8 0 0 1 0 0 00 . 0
0 . 2
0 . 4
0 . 6
0 . 8

 
λ



θ	


Fig. 3.8: External quantum efficiency EQE of tandem solar cells tA2 and tA2IR under
perpendicular incidence. The intermediate reflector scatters non-absorbed light back into
the top cell, EQEtop(λ ≈ 600 nm) increases. b) The angle dependent EQE(λ, θ) of tA2
decreases as for single junction cells, whereas the intermediate reflector of tandem tA2IR
seems to experience wavelengths dependent losses under higher angles, see c).
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3.5 Angular Response of Tandem Solar Cells
The external quantum efficiency EQE(λ, θi) of the investigated tandem solar cells, is
shown in Figs. 3.8 a)-c). In a) the angle of incidence is θi = 0◦ and two tandem so-
lar cells are shown, tA2 and tA2IR. The sample tA2IR (red line) is equipped with an
intermediate reflector leading to an increased EQE(λ, θ) of the top subcell at wavelengths
around 600 nm. The bottom subcell of tandem tA2IR is about twice as thick as that of
tA2 (blue line).
In Figs. 3.8 b) and c) the angular response of the external quantum efficiency is
given for the same two tandems without b) and with c) intermediate reflector. The angular
response of the EQE(λ, θi) in Fig. 3.8 b) shows a similar decrease as that of single junction
solar cells. A change in the shape of the EQE(λ, θi) around λ = 700 nm-750 nm under
higher angle of incidence is visible for the solar cell tA2IR in Fig. 3.8 c). The additional
scattering interface within the device, the intermediate reflector layer between a-Si:H and
µc-Si:H, influences the angle dependence of interference pattern and the light-trapping.
Figures 3.9 a), b) show the normalized short circuit current densities Jsc(θi)/Jsc(0 °)
calculated from the measured external quantum efficiencies EQE(λ, θi) using Eq. (2.5).
All subcells of tandems without intermediate reflector, shown in Fig. 3.9 a), show an
angular response of their short circuit current density that is similar to that of the afore
presented single junction solar cells.
The additional intermediate reflector influences the angle dependent Jsc(θi)/Jsc(0 °),
shown in Fig. 3.9 b), notably. The decrease in the bottom cell current of both cells is
steeper already for angles smaller then 50 ◦ while the top cell current for the thin top cell
in tA1IR stays unaffected up to angles slightly higher than θi = 50◦.
3.6 Simulation of Annual Yield
The current density decreases at θi = 75 ◦ to 78 % of its amount under perpendicular
illumination. The question arises to what extend the angle dependence of the EQE(λ, θi)
affects the annual yield. To answer that question, I simulated the annual yield regarding
that angle dependence and compared it to a simulation based on EQE(λ, 0◦). The simula-
tion is explained in detail in Chapter 2. The temporal resolution of the incident spectra is
10 min. In the simulation I assumed a non-tracked solar cell located at Ju¨lich (here tilted
by 35 ◦) and one located at the equator (no tilt). For the direct solar illumination, I used
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Fig. 3.9: a) The normalized short circuit current density Jsc(θi)/Jsc(0◦) of tandem cells
tA1 and tA2 for the top –t– and bottom –b– cell decrease with increasing angle as shown
before for single junction solar cells according to the Fresnel equations (purple line). b)
The same is shown for samples with intermediate reflector tA1IR and tA2IR. The bottom
cell currents decrease, however, far more than that of the samples without intermediate
reflector. The top cell current of the thinner sample tA1IR decreases the least with increa-
sing angle of incidence.
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Fig. 3.10: a) The difference in the annual yield of the investigated a-Si:H cells at the
equator is higher, marked by squares. The circles stand for the simulation at Ju¨lich,
Germany. The simulation was performed for the cells aC1-3 and aA1-3 as labeled in the
graph. The overestimation of the annual yield amounts to < 2 %. b) The simulation of the
overestimation of the annual yield of µc-Si:H solar cells at the equator (squares) and at
Ju¨lich (circles) yield similar results. Samples mC1-3 are shown in the graph.
the measured EQE(λ, θi) for the respective angle of incidence and EQE(λ, 0◦) to calculate
the converted short circuit current density. Likewise measured and then scaled current-
voltage-curves (IV-curves) are used to calculate the corresponding converted power Pcell.
The diffuse light is in both simulations (based on EQE(E, θi) and based on EQE(E, 0◦))
calculated for an average of the angles of incidence
EQEdiff(E) =
∫ 75◦
0◦
∫ 360◦
0◦ EQE(E, θ)dθdφ∫ 75◦
0◦
∫ 360◦
0◦ dθdφ
. (3.2)
As neglecting the lower EQE(λ, θi) at oblique angles leads to too high values, I call
the percentual difference in annually converted power, the overestimation factor
OE =
Pcell,EQE(λ,0◦) − Pcell,EQE(λ,θi)
Pcell,EQE(λ,θi)
. (3.3)
Figures 3.10 a) and b) provide the results calculated for the two considered locations for
a-Si:H and µc-Si:H solar cells, respectively. For both locations, Ju¨lich (light colors) and
the equator (darker color), the OE amounts to about 0.5 %-2.0 %. For all samples the
overestimation is higher at the equator.
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The higher overestimation at the equator is a direct implication of the wider angle
range of strong illumination that the sun occupies at the equator. In Fig. 3.10 a) one sees
that a-Si:H solar cells on substrate A have a smaller OE factor than those on substrate C.
Knowing the similar angle dependence of the Jsc(θi), this difference must be due to the
slightly different external quantum efficiencies EQE(λ) under the respective angles θi.
Considering the angle dependence of the quantum efficiency EQE(E, θ) instead
of using the value of EQE(E, 0◦) under perpendicular incidence leads thus to a minor
change in the annual yield. To minimize the optical losses structured surfaces and a better
matching of the refractive indices of the front materials would be favorable [134]. The
result is in agreement with literature regarding differences in the models used to calculate
the annual yield. Sjerps-Koomen et al. [135], for example, have pointed out the fact that
the simple air/glass interface model is adequate to describe the reflection losses relative
to the standard conditions for crystalline-Si modules. Parretta et al. [136] followed a
similar approach, they observe a 3% loss by reflection for c-Si, which is in accordance
with further results reported in literature [102, 135, 137, 138]. Interestingly, the results of
Cheyns et al. [131] state for a similar simulation that, due to the specific angular response
of organic solar cells, the performance of thin organic solar cells is underestimated by
up to 40% compared to a horizontal solar cell where only the angular dependence of the
air-glass interface is regarded. For the silicon based single junction thin film solar cells
such an effect was, however, not found.
The scaling of the IV-curve measured under an AM1.5g-spectrum is not applicable
to multi-junction cells. When considering tandem cells, the tandem IV-curve is a super-
position of the IV-curves of the two subcells. The two subcells are affected differently by
the changing amount of red and blue light in the spectrum. In the morning and evening
for example the incident illumination is favorable for the bottom cell (absorbing red light)
compared to the spectrum at noon. The converted current of the bottom cell is thus in-
creased. A bottom limited tandem could be top limited under the reddish illumination.
The superposed tandem IV-curve changes thus in shape, including a change in the fill fac-
tor and, even for the same incident wavelength-integrated power, in maximum converted
power. As the subcell IV-curves are not accessible experimentally, one can not calculate
the power converted by a tandem cell under spectrally varying illumination from experi-
mental data obtained under a single spectrum. The performed simple simulation can thus
not cope with tandem solar cells.
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3.7 Conclusion
The investigations in this chapter focused on the angular response of the reflectance and
quantum efficiencies of solar cells. The predominant effect of an oblique angle of in-
cidence is a reduction in the cross sectional area opposed to the source of illumination
and thus a reduction in the number of photons impinging on to the solar cell surface.
Disregarding the reduced number of photons, the increased front reflection under oblique
angles outperforms any further angle dependency. Visible in the decreasing external quan-
tum efficiency is additionally the shift in the interference patterns with the angle of inci-
dent radiation. The short circuit current densities of the investigated textured samples
decreases under high angles of incidence corresponding to the increasing reflectance at
the cover glass. A simulation based on these measured data estimates that neglecting this
decrease implies an overestimation of the annual yield by about 2%. In the calculated
internal quantum efficiency it becomes visible that the light absorption is affected by the
angle of incidence. Longer paths in the front contact under inclined angles of incidence
lead to a decrease in the internal quantum efficiency, whereas the longer paths through
the absorber imply an increase in the quantum efficiency. The rear reflector and, in case
of tandem solar cells, the intermediate reflector contribute to the measurements as an
additional reflector.
Chapter 4
Texture-Coating of the Cover Glass
In this chapter, an approach to light-trapping is presented that is based on a geomet-
rical anti-reflective texture which is applied to the cover glass of solar cells. The light
path is altered leading to light-trapping in the solar cell device. An improvement in the
light-trapping by up to 23 % could be detected in reflectance measurements. Parasitic
absorption in the specific solar cell device limits the effect of the improved light-trapping
in the external quantum efficiency. Together with the anti-reflective properties the tex-
ture causes an increase in the short circuit current density of tandem solar cells by up to
1 mA/cm2 and in conversion efficiency by up to 0.7 %. Due to the good angular response
of the texture, the simulated annual energy yield increases by up to 10 %.
4.1 Cover Glass of Solar Cells
For a glass covered solar cell, optical reflection losses originate from the air-glass interface
and the glass-semiconductor interface. Optical absorption losses are low in the glass. For
state of the art glasses with low iron contents 4 % of the incoming light are reflected
at the front and 1 % is scattered and absorbed in the glass itself. The reflection loss at
the glass-semiconductor interface depends on the cell technology and is in the range of
3 % for hydrogenated amorphous silicon a-Si:H solar cells with their textured transparent
conductive layer deposited adjacent to the glass.
The reflection from the air-glass interface can be reduced by using an anti-reflective
(AR-) coating. Such AR-coatings are based on i) layer stacks, ii) graded index structures
or iii) textured surfaces [124–128, 139, 140]. Each type of AR-coating has its own merits
and demerits.
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Layer stacks, i), are, for example, limited in their spectral range [141]. Graded index
structures, ii), are theoretically effective over a wide spectral range and even a wide range
of incidence angles. Yet, the material needed to build up the ideal required refractive
index profile is not available. Textured surfaces, iii), can be used to reduce the reflection
from the air-glass interface, and in addition also the glass-semiconductor interface. They
are very promising candidates for reducing reflection losses.
Subwavelength structures and structures in the range of micrometers could be fab-
ricated in polymer materials [142] or anorganic materials such as for example silicon
dioxide spheres [143], see also [144,145]. Nanoparticles are also promising candidates to
decrease the reflectance of SiO2-surfaces [146]. In general these systems are mainly ef-
fective for reducing the reflection from the glass-air interface and are not durable enough
for outdoor applications [141].
The effect of geometric, millimeter sized, textures on the glass front cover was stud-
ied recently by [147–149]. In a comparison of ray tracing simulations and experimentally
achieved data, Yagi et al. [147] showed that the light-trapping effect for a V-shaped tex-
tured glass front cover on a non-textured solar cell is small, but the reflection from the
glass-air interface was reduced significantly. In a study on the angles of geometrical
structures for textured glass, shallow structures show to be disadvantageous compared to
flat glass [148]. Under normal incidence the reflection is enhanced due to the increased
angle of incidence of photons impinging on the shallow inclined texture. Steeper struc-
tures have a higher over all transmittance as light reflected in the first hit on the surface of
the cover can be partially recovered when it hits the texture a second time. Yet, for very
steep pyramidal textures, the transmission decreases again. In the same study, Sa´nchez-
Illescas et al. state that pyramidal structures are advantageous to cosine-shaped shaped
structures. Very important for solar cell applications, the angular response of the trans-
mission into a textured glass is favorable to that of flat glass. An important issue is that
the absorptance in the glass and texture has to be low in order to be able to profit from the
enhanced transmittance and light-trapping effect.
The use of geometrical textures and AR-coatings is nowadays more common as
glass manufactures already offer glazed float glass and structured glass. The structured
glass is either frosted or prismatic. The trend goes to the integrated production line that
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applies AR-coatings at the production side of the glass itself, instead of having the trans-
port between the glass producer and the refiner. However, in thin-film application, float
glass is commonly used [150]. A common hnormh for AR-coatings or solar glasses does
not exist.
At the moment most modules are sold with flat glass without AR-coating. However,
as the acceptance for AR-coated glass rises with experience, the demand for AR-glass will
rise more and more [143].
The requirements for anti-reflective(AR)-coatings in photovoltaic (PV)-applications
are quite severe. Not only the visible irradiation but a broad spectral range of photons
has to be transmitted. The key issues for PV glasses are safety, long term stability to
weathering, weight, and transparency. As the AR-coating is on top of the front glass, also
the coatings have to be UV-stable, stable to weathering, scratch-resistant and cleanable.
The long term stability takes its time to be investigated. First studies on long term
stability of AR-glasses run since a few years and show degradation in the transmittance
that are comparable to the one for non-coated glass (6-8 % in 10-20 years) [151]. An
experiment performed since the beginning of the nineties showed that even after 7 years
there was no degradation of an etched AR-glass observable exceeding the degradation of
conventional glasses [143]. On glasses with a texture similar to the one investigated here
a dust accumulation higher than on non-textured glasses has not been observed [149,152]
in over six month of operation in a test field.
In this chapter I present an anti-reflective light-trapping texture. It consists of a
textured polymeric sheet, that is easy to apply on any type of glass and yields excellent
transmission results. The long term stability was tested by the supplier, additional and
independent tests are about to be commissioned. Measurements confirmed that the total
reflectance is decreased to values below ∼ 3 %. The current density of tandem solar
cells rose by up to 1 mA/cm2 and the conversion efficiency by up to 0.7 %. Simulations
state that the annual yield increases by ∼ 10 %. This chapter shows an investigation and
a discussion of the anti-reflective properties of the polymeric texture on thin film solar
cells. Additionally the role of light-trapping originating from the polymeric texture in
these solar cells is studied.
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4.2 Principle of Light-Trapping and of the Anti-Reflective
Texture
a) b)
Fig. 4.1: a) Photograph of a model of the substructure elements of the MaxRay Crystal foil
placed on a silicon wafer. A laser beam illustrates the light-trapping effect by refractance
and back reflection. b) The schematic drawing shows that the incident beam is refracted
when entering the structure and then reflected at the MaxRay Crystal-wafer interface. The
reflected beam, however, does not leave the device but is re-reflected to the wafer surface.
Figure 4.1 a) is a photograph of a model of the substructure of the geometric texture
of the polymeric foil. The structure size in the foil is about 1 mm. The commercial
name of the texture is MaxRay Crystal from SolarExcel. The photograph shows a purple
laser beam (wavelength λ = 405 nm) bouncing inside the structure. Figure 4.1 b) is a
schematic drawing. Two features of the structure are visible; i) perpendicularly incident
light is refracted to oblique angles inside the material and ii) photons directed towards the
upper medium-air interface, after reflection at the bottom of the structure, are reflected
back into the structure. As these photons reflected from the glass-semiconductor interface
are returned to where they came from, the structure is called a retro-reflector. The material
has a refractive index that differs barely from glass. Due to the large feature size of the
texture the optical properties can be described using geometric optics.
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Fig. 4.2: a)-d) Sketch of the transmittance from air to glass into a transparent conductive
oxide (TCO) and then into a solar absorber (a-Si:H). a) The glass surface and the TCO
are smooth, reflection losses 1 to 4 originate from the interfaces. A textured glass surface,
b), has an anti-reflecting effect and reduces the main loss 1. The further reflection losses 2
to 4 are reduced due to the light-trapping effect of the scattering front texture. A textured
interface between the TCO and a-Si:H, as in c), scatters the photons and reflection losses
3 and 4 are minimized. The effect of the textured glass surface is then restricted to a
reduction of the losses 1 and 2, see d).
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The sketches in Figs. 4.2 a)-d) show a comparison of the transmittance into and out
of a flat and textured solar cell covered by a flat glass and covered by the MaxRay Crystal
texture, respectively. The glass surface and the transparent conductive oxide (TCO) are
smooth in a). Each interface causes reflection losses. The primary loss, 1, originates
from the first hit at the air-glass interface. An anti-reflective texture, see Fig. 4.2 b),
reduces reflection loss 1 and due to the randomization also losses 2 to 4 are reduced. The
structure causes an effect similar to light-trapping. As shown in Fig. 4.2 c) a texture
between the TCO and the absorber minimizes reflection losses 3 and 4 by scattering the
incident photons. Due to internal reflection even the photons directed towards the glass-
air interface are partly trapped in the device. If both interfaces are textured, the effect of
the additional light-trapping for reflection losses 3 and 4 is gone, see Fig. 4.2 d).
4.3 Experimental Results
More than 150 thin-film silicon solar cells were measured with and without the MaxRay
Crystal foil. For most samples an increase in the efficiency of ∆η between about 2 % and
7 % (relative) was detected experimentally, with a maximum increase of the efficiency by
∆η = 0.7 % from η = 10 % to η = 10.7 %. The increase was detected from current-
voltage curves measured with a solar simulator. The scattering of the texture leads to a
redistribution of the absorption in the top and bottom subcell of the tandems. The given
lower limit for the efficiency increase is thus a cause of a mismatch that was achieved
due to the changed light-paths inside the absorbers. For the investigated silicon thin film
tandem solar cells, an adoption of the cell design to the given light-trapping maximizes
the gain.
The increase in the total short circuit current density was up to ∆Jsc = 8 % (relative),
(∆Jsc = 1 mA/cm2 (absolute)). The total current increase depends of course on the subcell
current and the current matching. Crucial for this technique is that the fill factor and open
circuit voltage are not affected by the light-trapping scheme unlike in many other light-
trapping attempts [153, 154]. For common light-trapping structures these two quantities
decrease. Here, the open circuit voltage and the fill factor change only slightly (≤ 1 %
and 3 % (relative), respectively). The following paragraphs demonstrate the effect of the
texture using three different solar cell samples.
The first sample shown here is a micromorph tandem solar cell (no intermediate
reflector). The i-layer thickness of the amorphous subcell amounts to di,a-Si:H ≈ 400 nm,
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and di,µc-Si:H ≈ 2430 nm for the bottom µc-Si:H cell. The substrate is Asahi glass and the
back reflector is formed by a ZnO-Ag double layer.
Figure 4.3 a) shows the wavelength dependent reflectance r(λ) of a tandem solar
cell without (G, black line) and with (MC, red line) the MaxRay Crystal texture. The data
were acquired using an integrating sphere. Below λ ≈ 400 nm the reflectance rMC(λ) of
the solar cell with the MaxRay Crystal is approximately zero. Between λ ≈ 400 nm and
λ ≈ 700 nm the reflectance is below r = 3 %. Above λ ≈ 700 nm rMC(λ) is much smoother
than rG(λ).
The three wavelength regimes are even more pronounced in Fig. 4.3 b) giving the
difference of the two measured reflectances. The dash-dotted line is smoothed. Below
λ ≈ 400 nm (rMC(λ) − rG(λ)) is above 10 %. Between λ ≈ 400 nm and λ ≈ 700 nm,
∆r(λ) = rMC(λ) − rG(λ) is approximately constant, ∆r(λ) ≈ 5 %. Above that wavelength,
∆r(λ) increases.
In the first regime, the reflectance is decreased because of a higher absorptance.
The MaxRay Crystal contains UV-absorbers to guarantee long-term UV-stability. On
the one hand the absorbers protect the material, on the other hand they absorb part of
the usable irradiation, namely the incident radiation below λ ≈ 400 nm. However, the
irradiance is low in that wavelength regime. The UV-absorbers cause only a small loss. At
maximum 1.36 mA/cm2 could be converted in that spectral range for a quantum efficiency
of EQE = 1, but the quantum efficiency is typically much lower and does not decrease
down to zero. For the shown tandem solar cell the decrease is ∆EQE < −0.4 in the range
350 nm to 400 nm.
In the second regime, above λ ≈ 400 nm, the reflectance is decreased by the anti-
reflective properties of the MaxRay Crystal cover. In the third regime, the flatting of the
reflectance above λ ≈ 700 nm hints at good additional scattering properties of the cover.
The light-trapping effect is reflected by the increase in ∆r(λ) as the weakly-absorbed pho-
tons are trapped and do not leave the system.
The effect of the light-trapping can be quantified. Applying Beerhs law, the mea-
sured reflectance can be written as
r = rf + (1 − rf)e−αwr,G . (4.1)
Here, rf is the front reflectance, α the absorption coefficient and wr,G = kr,Gw the effective
path traveled through the absorber of thickness w, kr,G is defined by the formula as the
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Fig. 4.3: a) Total reflectance of a tandem solar cell with (MC,red) and without (G,black)
the MaxRay Crystal on top of the cover glass. The scattering of the texture decreases
the interference patterns. b) The difference in the reflectances amounts to about 5 % and
increases for higher wavelengths. The dash-dotted line gives the smoothed values. c) The
quotient of the absorptances proves the path length enhancement. d) The gain achieved
with the front texture is still visible in the external quantum efficiency and e) difference
thereof. The top cell is marked by the blue color, in e) and f), the bottom cell by red.
The dashed line is the difference of the total quantum efficiency. The dash-dotted line is
smoothed. f) The quotient of the quantum efficiencies gives a hint on the light-trapping.
The MaxRay Crystal outperforms the flat glass over almost the entire wavelength range.
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path length enhancement. The effective path length wr,G comprises the reflectance at the
rear side, the transmittance of non-absorbed photons through the front and the path length
prolongation by scattering into oblique angles. Note that the effective path length wr is a
hypothetical quantity defined by the measurement of the reflectance.
Turning now to the comparison of the reflectance of a solar cell with (MC) and
without (G) the MaxRay Crystal we define the quotient
1 − rMC
1 − rG =
1 − rf,MC − (1 − rf,MC)e−αwr,MC
1 − rf,G − (1 − rf,G)e−αwr,G
' 1 − rf,MC
1 − rf,G
wr,MC
wr,G
, αwr,MC/G << 1 (4.2)
and
' 1 − rf,MC
1 − rf,G , αwr,MC/G >> 1. (4.3)
Thus, the ratio (1− rMC)/(1− rG) for large α(λ), i.e. short wavelengths, yields information
on the change of the reflectance upon application of the Crystal foil. The evaluation in
the long wavelength region (α(λ) small) additionally yields information on the change
of the effective path length wr. The improvement factor of the additional light-trapping
κr,MC = kr,MC/kr,G is defined as
wr,MC = κr,MCwr,G (4.4)
Figure 4.3 c) shows the dependence of (1 − rMC)/(1 − rG) on the wavelength λ. In
the first regime of low wavelengths, a strong increase of (1− rMC) over (1− rG) is detected
corresponding to the effect of the UV-absorbers. In the second regime, λ ≈ 400 nm to
≈ 700 nm, the quotient (1 − rMC)/(1 − rG) is approximately constant and visualizes the
anti-reflection effect. Above λ ≈ 700 nm, in the third wavelength regime, (1−rMC)/(1−rG)
increases due to the additional light-trapping effect of the MaxRay Crystal.
The improvement in light-trapping is determined from the smoothed dash-dotted
line and amounts to κr,MC = 1.29/1.05 = 1.23. The quantum efficiency detects whether
the additionally absorbed photons contribute to the current.
Figure 4.3 d) provides the external quantum efficiency EQE(λ) of the same tandem
solar cell. The dashed line is the sum of the top and bottom subcell external quantum effi-
ciencies. At wavelengths λ < 400 nm EQEMC(λ) is decreased due to the UV-absorbers in
the MaxRay Crystal. But EQEMC(λ) with the MaxRay Crystal outperforms the EQEG(λ)
for the plain glass surface without the texture over the whole wavelength range from
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400 nm to 1100 nm. Figure 4.3 e) shows that the difference in that range amounts to up
to ∆EQE ≈ 6 %. The difference in top cell quantum efficiency is represented by the
blue line, red is used for the bottom cell. The dashed line gives the difference of the to-
tal EQEs. Below 400 nm the parasitic absorption by the MaxRay Crystal UV-absorbers
leads to negative values of EQEMC(λ) − EQEG(λ).
To judge the light-trapping effect in the external quantum efficiency, a calculation
equivalent to the above leads to
EQEMC
EQEG
' 1 − rMC
1 − rG '
(1 − rf,MC)wEQE,MC
(1 − rf,G)wEQE,G , αwEQE,MC/G << 1 (4.5)
and
' 1 − rf,MC
1 − rf,G , αwEQE,MC/G >> 1 . (4.6)
Figure 4.3 f) gives the quotient of EQEMC/EQEG. The dashed line is the sum of the
ratios of the subcells quantum efficiencies (top cell, blue line and bottom cell, red line).
The dash-dotted lines are smoothed. The expected increase in the range λ > 700 nm is
visible here. The useful improvement in light-trapping determined from this measurement
amounts to up to κEQE,MC = 1.12/1.06 = 1.06. The smoothed curve was used to determine
the value.
The effective quantities κr and κEQE are determined from different measurements
and are just used to visualize the effect. I conclude from the fact that the improvement
in light-trapping is larger when determined from the reflectance than from the quantum
efficiency, κr,MC = 1.23 > κEQE,MC = 1.06, that a large fraction of the trapped light is
parasitically absorbed.
Interestingly, a higher increase in the EQEMC(λ ≈ 650 nm) is visible in the top
subcell of the tandem, see Fig. 4.3 f). The interaction of the refracting angles originating
from the MaxRay Crystal with the scattering TCO and the boundary between the top and
bottom subcell of the tandem probably led to a redistribution of the photons between the
top and bottom cell.
4.4 Textured and Non-Textured Absorbers
A non-textured microcrystalline µc-Si:H solar cell shows the capacity of the MaxRay
Crystal to increase the path length within cells that lack a good scatterer. A textured cell is
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used as a reference. Both solar cells were produced in the same run, the i-layer thickness is
di,µ c-Si:H = 1.37 µm. They were deposited in pin-configuration on Corning glass, ZnO-Ag
forms the back reflector. The difference between the two samples is that the transparent
conductive front contact is etched only for the sample hmth (microcrystalline-textured),
while sample hmnth is not textured.
The solar cells are measured with their plain flat glass substrate (G), covered by
a commercial broadband anti-reflective (AR-) layer coating on glass and covered by a
MaxRay Crystal foil (MC). The AR-coating on glass was coupled optically to the front
glass of the cells using a fluid. It was manufactured by Saint-Gobain within a research
project and is not yet optimized. The coating consists of a SiN/SiO2/SiN/SiO2 layer stack.
The MaxRay Crystal foil used in this experiment contained no UV-absorbers, and is made
from different material as the laminated MaxRay Crystal cover used in the previous exper-
iments. Note that the effect of the foil is less than that of the laminated MaxRay Crystal.
This setup was chosen because the foil could be reversibly applied which simplified the
experimental procedure.
Figure 4.4 a) shows the measured total reflectance of the textured (mt) and the non-
textured µc-Si:H solar cell (mnt). For the textured cell, the AR-coating decreases the
front reflectance compared to the glass substrate (G) by ∼ 3 % in the wavelength range
λ ≈ 400 nm to λ ≈ 700 nm which is as much as the reduction by the MC cover foil used
here. Above 700 nm the reflectance detected for the cover MC decreased by ≥ 5 % where
the AR-coating has a low increasing effect on the reflectance. The decrease with the MC
cover is mainly a cause of the light-trapping by suppressed re-emission of non-absorbed
photons.
The AR-coating is also less effective for the non-textured sample mnt as shown in
Fig. 4.4 c). As the smooth AR-layer structure does not bend the incident light rays, the
interference patterns typical for flat substrates remain. The reflectance of sample mnt
with the MC cover is much smoother and about as low as for sample mt over the entire
wavelength range.
Figures 4.4 b) and d) show the quotient (1 − rMC,AR)/(1 − rG) for the performed
measurements. For the sample mt shown in b) with AR-coating it is visible that in the
high wavelength range, the AR-coating couples out the photons very well and the quo-
tient (1 − rMC,AR)/(1 − rG) decreases to values below unity. In case of the cover MC the
quotient exceeds unity in the same range. The improvement in light-trapping amounts
68 Path Length Enhancement
0 . 0
0 . 1
0 . 2
0 . 3
0 . 4
0 . 5
4 0 0 6 0 0 8 0 0 1 0 0 00 . 9
1 . 0
1 . 1
1 . 2
4 0 0 6 0 0 8 0 0 1 0 0 0
 
 
A R
G
M C
 
 
refl
ecta
nce
 r
  t e x t u r e d                                      n o n - t e x t u r e d
a )                                            c )
b )                                            d )
M C
A R
G M CA R
M C
A R
(1-r
MC
,AR
)/(1
-r G)
w a v e l e n g t h  λ [ n m ] w a v e l e n g t h  λ [ n m ]
Fig. 4.4: Total reflectance of a textured a) and a non-textured c) microcrystalline solar cell
measured with the plain flat front glass (G), covered by an anti-reflective layer coating
(AR) and by the MaxRay Crystal (MC). The quotient of the absorptances (1− r) in b) and
d) rises for high wavelengths in case of the MC texture. The AR-coating is not effective
over the entire wavelength range. The reflectance is increased at high wavelengths.
to κr,MC ≈ 1.10/1.05 = 1.05. In Fig. 4.4 d) the effect is even more pronounced. Again
the quotient (1 − rAR)/(1 − rG) for the AR-coating is below unity while here the quo-
tient for the MC cover rises to > 1.2, the improvement in light-trapping amounts thus to
κr,MC ≈ 1.25/1.08 = 1.16. This high value is reached because the reflection losses of the
non-textured sample and the need for light-trapping with flat cover glass are higher than
those of the textured sample. The question arises, whether the reduced reflectance and
increased light-trapping lead to an increased useful absorptance.
Figure 4.5 a) and c) show measured external quantum efficiencies EQE(λ). The
EQE(λ) of sample mt increases over the whole wavelength range when applying the AR-
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Fig. 4.5: External quantum efficiency EQE of a textured a) and a non-textured c) mi-
crocrystalline solar cell measured with the plain flat front glass (G), covered by an anti-
reflective layer coating (AR) and by the MaxRay Crystal (MC). Quotient of the quantum
efficiencies in b) and d). For the textured sample the increase in EQEMC is small, for the
non-textured sample, however, the MC cover causes a notable increase in the EQE. The
limited wavelength range of the AR-cover is visible as the quotient in b) and d) is below
unity for short and long wavelengths.
cover and even more when using the MC texture. Remember that the MC texture used
here is made from a different material and without UV-absorbers so that the quantum
efficiency EQE(λ < 400 nm) is not decreased and the effect of the texture is less. The
EQE(λ) of sample mnt with AR-cover does not change significantly. A larger increase is
visible when covering the non-textured sample mnt with MC.
A notable increase in the quotient EQEMC,AR/EQEG is neither detected for the MC
nor for the AR-cover as shown in Fig. 4.5 b). For the latter cover, the quotient decreases
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to values below unity for high wavelengths as could be expected from the reflectance
measurements. Also for the MC cover, an increase in EQEMC,AR/EQEG is not detected
in the high wavelength range.
Figure 4.5 d) shows that the MC cover increases the absorptance and quantum effi-
ciency of the non-textured solar cell by up to a factor of > 1.2. This increase corresponds
to an improvement in light-trapping by κEQE,MC ≈ 1.20/1.07 = 1.12. This enhance-
ment is almost as much as was detected from the decreased reflectance. In case of the
AR-structure, no such increase is found, instead EQEAR/EQEG decreases significantly at
high wavelengths.
Both, the anti-reflective coating and the MaxRay Crystal foil decreased the re-
flectance of the two investigated samples. The relatively small gain in case of the MaxRay
Crystal foil compared to the previously presented measurements is due to the use of the
reversible foil instead of the laminated cover. The anti-reflective cover is spectrally sen-
sitive and tuned to decrease the reflectance in a wavelength range around 600 nm. The
AR-effect of the MaxRay Crystal is wavelength independent. Additionally, the texture
provides light-trapping at wavelength above λ ≈ 700 nm. For the textured sample the
improvement in light-trapping amounts to 5 % and was only detectable in the reflectance
data. In case of the non-textured solar cell, there is even more non-absorbed reflected light
(from the flat interface between the TCO and the a-Si:H absorber). These photons are
trapped by the MaxRay Crystal leading to an increased absorptance and external quantum
efficiency. The improvement in light-trapping determined from the reflectance measure-
ment is as high as 16 % where the improvement calculated from the external quantum
efficiency is 12 %.
4.5 Angular Response
It is not only the transparency of an anti-reflective glass and the additional light-trapping
that are important for the annual yield but also the angular dependence of the two quan-
tities. Note that the MaxRay Crystal texture is not rotational symmetric. Figure 4.6
shows the simulated angular dependent reflectance from 0 ◦-85 ◦ in the polar angle and
for 0 ◦-360 ◦ in the azimuthal angle. The reflectance of the MaxRay Crystal structure has
a 120 ◦-symmetry given by its shape. As Fig. 4.7 shows, the average reflectance of the
MaxRay Crystal is lower than the glass reflectance for all angles of incidence. The glass
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Fig. 4.6: Simulated angular response of the reflectance of the MaxRay Crystal texture.
The reflectance is not rotational symmetric due to the shape of the substructure.
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the MaxRay Crystal texture (MC, red). Error bars mark the standard deviation of the
azimuthal angle. The MC texture outperforms flat glass over the entire wavelength range.
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reflectance is calculated using the Fresnel equations (2.5). Instead of increasing monoto-
nically as for the glass, the reflectance decreases in certain angle ranges. The error bars
give the standard deviation of the value averaged over the azimuthal angles.
The simulation of the angular dependent reflectance has been performed by the
company Solar Excel fabricating the MaxRay Crystal. They used a ray tracing simulation
software based on the refractive index and geometry of the regarded layers. The refractive
index n is considered as constant over the regarded wavelength range, for amorphous
silicon na-Si:H = 4.2 is assumed, and for glass nG = 1.5. The refractive index of the
MaxRay crystal is approximately nMC ≈ 1.49. The glass is assumed to be transparent, the
absorption is set to aG = 0. The reflectance is determined assuming aa-Si:H = 1. Since
all commercial solar cells have an AR-coating and/or surface texturing between the glass-
semiconductor interface this was also simulated by applying a filter which reduced the
reflection from the glass-semiconductor by 80 %.
4.6 Simulation of Annual Yield
To simulate the effect of the device on the annual yield, I apply the simulation described
in Chapter 2. As the MaxRay Crystal is applicable to any kind of solar cell, a specific
EQE is not assumed but an absorption a(E > Eg) = 1 of a perfect solar absorber layer
beneath the front glass. Exemplarily the band gap Eg of crystalline silicon is used. The
gain in converted power is then given by
G =
∫ ∫
φ(E, t, θ,ϕ)tMC(θ,ϕ)a(E)dEdt∫ ∫
φ(E, t, θ,ϕ)tG(θ,ϕ)a(E)dEdt
. (4.7)
As before, t is the time, φ(E, t) is the temporally and directionally resolved incident pho-
ton flux. The integration starts exemplarily at the band gap energy of silicon. I consider
that the direct fraction of the irradiation impinges under the calculated solar angles θ and
φ. This light is received by the solar cell under angles depending on the solar cell tilt
angle. The photons are transmitted with the respective probabilities for flat glass tG(θ,ϕ)
and the MaxRay Crystal tMC(θ,ϕ) determined for these angles.
Due to the geometry of the texture, the transmission as well has a 120°-symmetry
whereas the flat glass behaves independent of the turning angle. One big advantage was
shown in Fig 4.7, the angle dependent reflection of the device is lower than the one of
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normal glass under all angles. Knowing, that our simulation underestimated the diffuse
fraction of the incident light, I perform as follows; I simulate the absorption in the silicon
absorber of the direct illumination. Then, I calculate the gain from it and weigh the gain
by 40%. The difference in the transmission of the MaxRay Crystal and the glass over all
angles is averaged and then weighed with the average annual diffuse radiation fraction
that is estimated to 60% in Northern Germany [91].
The gain amounts to ∼ 1.07 for the direct fraction. Interestingly, when turning the
sample, the 120° symmetry is barely visible in the annual yield anymore. Tilting brings
about the same differences in the annual gain (±0.01). The highest simulated achievable
gain including the higher transmittance for diffuse illumination was 10 %.
4.7 Conclusion
A light-trapping anti-reflective geometrical texture applied on the cover of solar cells has
been investigated and compared to a solar cell with the plain cover glass and a solar cell
covered by an anti-reflective layer coating. Contrary to common anti-reflective coatings,
the anti-reflective effect of the proposed texture is wavelength independent. The overall
reflectance is decreased to less than 3%. It was shown that the light-trapping improved by
up to 23 % in the weakly absorbing wavelength range. The external quantum efficiency
measurements show that part of this improvement is lost to parasitic absorption. The short
circuit current density increased by 1 mA/cm2 and the solar cell efficiency by up to 0.7 %.
Additionally, the texture has a good angular performance. The annual yield was found
to increase by 10% when applying the texture. This value is the result of a simplified
simulation. Further investigations will follow.
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Chapter 5
Spectrally Dependent Optimization of
Multi-Junction Solar Cells
This chapter is dedicated to the investigation of the spectral dependence of the current
matching and output power of a micromorph tandem solar cell on the local spectral con-
ditions. In a first step, I compare measurements under the AM1.5g-standard spectrum and
simulations of a thickness series of micromorph tandem solar cells to validate the theoret-
ical results. In a second step, I introduce the simulated hourly resolved local spectra into
the simulation to estimate the annual yield of a tandem solar cell. In the optimization I
vary the absorber layer thicknesses to maximize the annual power output at the regarded
locations. The surprising result is that the optimum junction thicknesses overlap in a wide
range for 99 % of the maximum power under the standard AM1.5g spectrum and for 99 %
of the maximum annual yield at both investigated locations. However, a top limitation
under AM1.5g illumination is predicted to be advantageous for the optimum yield.
5.1 Introduction
The common optimization of the absorber thicknesses of a multi-junction solar cell in the
laboratory uses a standard spectrum. However, the spectra at outdoor locations change
permanently. This change in irradiation causes a changing current mismatch in a series-
connected multi-junction solar cell. Depending on the local conditions at the outdoor
location the standard spectrum may not be the optimum in terms of maximum annual
yield.
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Fig. 5.1: Quantum efficiency of the top (a-Si:H) and bottom (µc-Si:H) subcell of a tandem
solar cell. The grey areas show the irradiance at noon in summer and in spring, as well
as on a summer morning in Ju¨lich, Germany.
There have been several studies related to the spectral sensitivity of multi-junction
solar cells in terms of outdoor performance. Adelhelm et al. 1998 [155] measured the
performance of monolithic tandem solar cells in the laboratory under different spectra. In
2004 Nakajima et al. [76] found that a top limited tandem performs better in their outdoor
measurement. This result was drawn from a long-term measurement of an hydrogenated
amorphous silicon-/ microcrystalline silicon (a-Si:H/µc-Si:H) tandem at noon and at one
specified location. They attribute the better performance to the sensitivity to the irradiated
spectrum and to the module temperature. The temperature and temperature coefficient
play an important role in current matching and performance of a tandem solar cell. Both,
the temperature and the spectrum vary constantly and depend on the location.
Figure 5.1 depicts the measured quantum efficiency EQE of the two layers of an
exemplary a-Si:H/µc-Si:H tandem solar cell. The grey areas represent the simulated spec-
tral photon flux densities φλ for summer and spring at Ju¨lich, Germany. The short circuit
current density for the single cells is defined as was shown before via
Jsc,aSi/µcSi = q
∫
EQEaSi/µcSi(λ)φλ(λ)dλ , (5.1)
as the product of quantum efficiency EQEaSi/µcSi of the top (a-Si:H) or respectively the
bottom (µc-Si:H) solar cell and photon flux density φλ(λ) integrated over the wavelengths
λ. Here, q denotes the elementary charge.
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A difference in the number of absorbed photons implies a difference in short cir-
cuit current between the top and the bottom cell. The short circuit current is, in case
of a series-connected tandem solar cell, one limiting parameter for the efficiency of the
whole tandem. The total short circuit current density Jsc is given by the minimum of the
junctionhs current densities
Jsc = min|Jsc,aSi, Jsc,µcSi| . (5.2)
A comparison of the top and bottom component of the tandem solar cellhs short circuit
current densities in summer and spring shows that the change in spectrum leads to a
change in current mismatch. For the quantum efficiencies shown in Fig. 5.1, in summer
at noon the current densities equal Jsc,aSi = 7.04 mA/cm2(top), and Jsc,µcSi = 7.82 mA/cm2
(bottom cell). In the morning they are Jsc,aSi = 2.53 mA/cm2 and Jsc,µcSi = 2.93 mA/cm2.
In spring at noon it amounts to Jsc,aSi = 5.62 mA/cm2 for the top cell and for the bottom
cell Jsc,µcSi = 6.52 mA/cm2. For this configuration, the amorphous top cell is limiting and
the quotient of the current varies between 0.86 and 0.9. In the mornings and in spring
there is more red irradiation and thus a lower ratio of Jsc,aSi/ Jsc,µcSi.
The loss provoked by the current mismatch depends thus on the irradiated spectrum
and therefore on the location on earth and the meteorological conditions. The change
in the current limitation brings about a change in the fill factor FF of the total current-
voltage-(IV)-curve (see also Chapter 6). Due to the relative shift of the single IV-curves
with decreasing or increasing Jsc, the total IV-curve changes in shape [156]. The variation
in the total fill factor also has a considerable influence on the efficiency η given by
η = JscVocFF/Popt . (5.3)
Here, Popt is the irradiated optical power. Note, that the fill factor FF decreases with
increasing thickness of the absorber layers. The open circuit voltage Voc of an a-Si:H/µc-
Si:H-tandem decreases only slightly with increasing junction thickness.
5.2 Validation of the Simulation
The advanced semiconductor analysis (ASA)-simulations of an a-Si:H-/µc-Si:H-tandem
solar cell, explained in Chapter 2, are validated using measurements under the AM1.5g-
standard spectrum. From the simulations I obtain the respective short circuit current den-
sities Jsc,aSi and Jsc,µcSi of the subcells as well as the open circuit voltage Voc, the fill factor
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Fig. 5.2: The simulated external quantum efficiency fits the experimentally acquired data.
The parameter set of the simulation is thus used in further calculations.
FF and the quantum efficiency EQE. Figure 5.2 shows an exemplarily chosen measured
EQE and the respective simulated EQE. The ASA program was developed by Zeman
et al. [94]. The parameter set is based on [119] and [106] with modifications introduced
by [29, 31]. These modifications include optical data of all individual layers of the sim-
ulated solar cell device obtained with phase modulated spectroscopic ellipsometry and
photothermal deflection spectroscopy.
Figure 5.3 analogously to [31] shows the simulated efficiency of tandem solar cells
used in the calibration of the simulation files. The simulations reproduce the thickness
dependency. I introduce simulated hourly resolved local spectra as explained in Chapter 2.
This allows for an estimate of the annual yield of the considered tandem solar cell. In the
optimization I vary the absorber layer thicknesses to maximize the annual power output at
the regarded locations, which are the equator and Ju¨lich, Germany. Note that the effects of
clouds as well as changes in the cell temperature are neglected. The spectrum simulation
is based on the extraterrestrial AM0 solar spectrum. The sun-earth distance is regarded
as well as the scattering and absorption by gases in the atmosphere, along with the effects
of surface pressure and ground albedo at the chosen location (see Chapter 2 for further
details).
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Fig. 5.4: The short circuit current density Jsc of the whole tandem is highest for matched
and thick single cells. However, the open circuit voltage Voc and the fill factor FF de-
crease for thicker subcells.
5.3 Results and Discussion
Figure 5.4 a) shows the simulated short circuit current density Jsc, b) the open circuit
voltage Voc and c) the fill factor FF. The simulation uses the standard AM1.5g spectrum.
Whereas Jsc increases for thicker cells, Voc and FF decrease with increasing subcell thick-
ness [13, 14, 22].
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Fig. 5.5: Current matching (Jsc,aSi/Jsc,µcSi= 1) of the a-Si:H and µc-Si:H- junction of a tan-
dem solar cell depends on the thicknesses of the respective layers. The incident spectrum
corresponds to the AM 1.5g standard.
Figure 5.5 shows the ratio Jsc,aSi/Jsc,µcSi of the short circuit current densities of the
single absorber layers of an a-Si:H-/µc-Si:H-tandem solar cell dependent on their respec-
tive thicknesses. A value of 1, marked by the red line, corresponds to current matching.
At a thickness of 170 nm of the a-Si:H layer and 800 nm of the µc-Si:H layer, the short
circuit current density corresponds to 10.2 mA/cm2. At 350 nm and 2000 nm junction
thickness, the short circuit current density is 11.5 mA/cm2.
Figure 5.6 displays the normalized efficiency of the same simulated micromorph
tandem solar cells. The resolution in a-Si:H layer thicknesses in Figs. 5.5 and 5.6 is 20 nm
and in µc-Si:H layer thickness 100 nm. The irradiated spectrum is again the AM1.5g
standard. The efficiency maximum peaks at 250 nm a-Si:H and 1200 nm µc-Si:H layer
thickness. The maximum efficiency is 10.9 %. For thick layers the reduced fill factor
limits the efficiency. In case of combining a thick and a thin layer, the current mismatch
leads to efficiency losses. For thin layers the low absorption limits the current.
In Figs. 5.7 a), b) and c) the AM 1.5g spectrum has been replaced by the irradiation
in Ju¨lich, Germany at a) a spring day at noon, b) a summer day in the morning and c) at
noon, to calculate the absorber layer thicknesses corresponding to maximum efficiency.
The irradiated power is lower by a factor of 0.82 for the spring noon and lower by a factor
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Fig. 5.6: The efficiency of an a-Si:H/µc-Si:H-tandem solar cell depends on the thicknesses
of the respective layers. Under AM 1.5g illumination the efficiency peaks at 250 nm a-Si:H
layer thickness and 1200 nm µc-Si:H-layer thickness.
of 0.37 in the summer morning than in summer at noon. The a-Si:H layer thicknesses
corresponding to the peak efficiency are the same. In summer at noon a thicker µc-Si:H
layer would be advantageous. The optimum layer thicknesses differ from the ones corres-
ponding to the AM1.5g standard. The differences in optimum layer thickness lead to the
question of the optimum layer thicknesses for maximum annual yield/efficiency.
Figure 5.8 represents the normalized annual efficiency of a tandem solar cell located
at the equator, not tracked and irradiated with the local spectrum. The resolution in a-Si:H
layer thicknesses is 20 nm and in µc-Si:H layer thickness it is 400 nm. In the simulation
the optical power and converted power for the whole year, from morning to evening in
hourly resolution is considered. The efficiency peaks at a thickness of the a-Si:H layer
50 nm lower than for the standard shown in Fig. 5.6. The same simulation is carried out
for Ju¨lich, Germany.
Figures 5.9 a) and b) summarize the results of three efficiency simulations for the
AM1.5g spectrum and for the annual yield at the equator a) and in Ju¨lich, Germany b),
respectively. The peak of the normalized efficiency is at equal absorber layer thicknesses
for the two simulated locations. However, these layer thicknesses are smaller than that
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Fig. 5.7: The maximum efficiency of the same a-Si:H/µc-Si:H tandem solar cell located
in Ju¨lich, Germany (without tracking) peaks at a different thickness of the respective ab-
sorber layers. The peak depends on location and time of day. Here, a) shows the norma-
lized efficiency in spring at noon, b) in summer in the morning, c) in summer at noon.
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Fig. 5.8: The maximum efficiency of an a-Si:H/µc-Si:H tandem solar cell located at the
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efficiency is 11.3 %.
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Fig. 5.9: The maximum efficiency of an a-Si:H/µc-Si:H-tandem solar cell located at the
equator, a), and at Ju¨lich, Germany, b), peaks at slightly lower a-Si:H layer thicknesses
of the respective junction layers than for the AM1.5g standard. However, there is a wide
range of layer thicknesses promising a yield of only 1 % less than the maximum (filled
area). The efficiency is calculated from the annual gain. The range of layer thicknesses
that yield 98 % of the maximum annual gain is marked by the dashed lines.
optimized for the AM1.5g standard spectrum. A 1 %-loss (0.99) and a 2 % loss (0.98) is
given for a wide range of layer thicknesses. The range differs only little from the AM1.5g
prediction. The optimum annual yield requires a slight top-limitation of the tandem as
was already found in long-term measurements [76].
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5.4 Conclusion
In this chapter the normalized annual efficiency is compared to the maximum efficiency
of an a-Si:H/µc-Si:H tandem under AM1.5g illumination. Considering the annual solar
cell power output, it is obvious that the permanent change in current mismatch involves
losses. A loss in solar cell yield can be minimized by performing a careful study based on
the local conditions. I carried out a simulation based on experimental measurements of
the quantum efficiency and considered local changes in the spectra due to the course of the
sun at a certain location on earth. The normalized annual efficiency of an a-Si:H/µc-Si:H
tandem solar cell peaks at almost equal layer thickness for both locations, the equator and
Ju¨lich, Germany. I conclude that, if only considering the location of the solar module and
spectral changes in the incident irradiation, the optimum annual yield requires a slight top
limitation under AM1.5g compared to the standard AM 1.5g-optimization. Accepting
a loss of only 1-2 %, there is a wide range of layer thicknesses to choose. It would
be interesting to investigate the effect of temperature and local climate as well as light
induced degradation in a further step.
Chapter 6
Power Matching of Tandem Solar Cells
The common matching of tandem solar cells maximizes the overall current but not the out-
put power. For a maximum power, the subcell currents have to be equal at the maximum
power point. The potential of the proposed meaningful characterization tool is demon-
strated in this chapter experimentally and with numerical simulations. The procedure
is based on a once characterized reference tandem solar cell and a set of illumination
spectra that are close to the AM1.5g and not pre-determined. This technique delivers the
solar cell performance under perfect ’power matching’ and –without the need to measure
the quantum efficiency– it gives a hint on how to change the thicknesses of the absorber
layers to reach the maximum achievable power. Moreover, the technique allows for an
interpolation of tandem solar cell efficiencies under AM1.5g illumination.
6.1 Introduction
The current density voltage-(JV)-characteristic of a tandem solar cell is given by the
superposition of the JV-curves of its subcells. The total voltage of a module is the sum
of the subcell voltages while the total current is limited by the cell delivering the lower
current. Current matching implies equal short circuit currents in the two subcells and thus
a maximum overall short circuit current density. For current-matched tandem cells the
voltage Vmpp at the maximum power point is, however, limited by the strong influence
of the fill factors of both subcells. If one subcell thickness is decreased and delivers a
lower current than under current matching, this involves also a lower current density Jmpp
at the maximum power point. The mismatch does, however, not necessarily imply a loss
in converted power density Pmpp = JmppVmpp of the tandem cell.
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Fig. 6.1: a) Simulated current density voltage-curves of the subcells of a bottom limited
tandem cell, b) equivalent plots for a current matched tandem cell and c) for a top limited
tandem.
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Fig. 6.2: Current density voltage-(JV)-curves for the superposed subcell JV-curves from
Figs. 6.1 a)-c). The fill factor FF of the superposed JV-curve is smallest for case b),
current matching. The cell power Pc is largest for a), bottom limitation.
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Figures 6.1 a)-c) show current density-voltage (JV)-curves simulated for various
subcell limitation configurations of a hydrogenated amorphous/ hydrogenated microcrys-
talline silicon (a-Si:H/µc-Si:H) tandem solar cell. In Fig. 6.1 a) the overall current density
of the tandem cell is limited by the microcrystalline (µc-Si:H) bottom cell. Figure 6.1 b)
gives the JV-curves of a current matched tandem solar cell and c) of a tandem solar cell
limited by the amorphous (a-Si:H) top subcell.
As shown in Fig. 6.2, current matching (black line) limits the fill factor all else
being equal, see also [156]. In case of bottom limitation (red curve), as in Fig. 6.1 a), the
fill factor is higher. In this case, the µc-Si:H bottom cell with the higher fill factor has a
lower current. As a consequence, in the superposition the effect of the lower curvature of
the amorphous (a-Si:H) top cell JV-characteristic is less. The shape of the JV-curve of
the limiting cell determines predominantly the shape of the overall JV-curve. The same
is true for the case of the top limited tandem cell (blue line), shown in Fig. 6.1 c). Here
the fill factor of the a-Si:H top cell dominates the tandem cell fill factor. The converted
cell power at the maximum power point Pmpp = Pc of such a mismatched tandem cell can
be higher than for a current matched cell with higher output current but lower overall fill
factor.
A stack of solar cells is matched according to its output power if the power outputs
of each cell is maximal at equal cell currents. Analogously to the term hcurrent match-
ingh I call the optimization of the resulting tandem cell power hpower matchingh. Power
matching conditions are met by depositing exactly the needed absorber layer thicknesses.
Experimentally, however, the JV-characteristics of the subcells are not accessible.
For III-V solar cells, a method to systematically investigate the JV-parameters is
already known. Meusel et al. [157] state that the optimum subcell layer thicknesses can
differ for the short circuit current and the current at the maximum power point. They also
concluded that an increase in the fill factor of the JV-curve partially compensates current
losses due to the mismatch.
Reference current density voltage-(JV)-curves under varied irradiance and temper-
ature can be used to identify the JV-parameters at a given illumination and tempera-
ture [158, 159]. This method was proposed in 2000 by Hishikawa et al. [75] to translate
arbitrary JV-curves to specified irradiance and temperature target conditions. In the case
of a-Si:H/µc-Si:H tandem solar cells and with a change in the infra red and blue frac-
tion of the incident illumination, it seems, however, to be more accurate to change the
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spectrum in a controlled way as is proposed in [160], for example with different light
sources [155]. Such a method is also attractive to investigate degradation effects [161]. A
changed top layer thickness of an a-Si:H/µc-Si:H tandem cell is equivalent to a change in
the incident spectrum. In 1997 Platz et al. [162] showed in a calculation that the optimum
configurations for current matching and for the maximum efficiency differ. In 2010 Bliss
et al. [163] published a study using an LED-based solar simulator. They varied spectrum,
irradiance and temperature for a single junction crystalline silicon solar cell.
The determination of the layer thicknesses needed for power matching are only ac-
cessible from calculations based on the measured quantum efficiency or simulations of
the entire cell physics. I propose an experimental method for the determination of the
required change in layer thickness to reach power matching conditions. The method con-
sists of measurements of the JV-curve under varied spectra. Once the quantum efficiency
and the JV-curve along with the illumination spectra were detected for a reference cell, a
test cell and the reference are both exposed to a similar set of spectra. Contrary to the pub-
lished methods, the new spectra are not measured so there is no need for time-consuming
calibrations of the solar simulator spectrum, neither is the quantum efficiency of the test
cell. Besides a hint on how to adapt the absorber layer thicknesses, the procedure delivers
the optimized power in case the matching is achieved. Moreover, the procedure allows
for extracting the efficiency of any a-Si:H/µc-Si:H tandem solar cell under AM1.5g illu-
mination. The method is demonstrated with simulated data.
6.2 Experiment
Figures 6.3 a)-f) provide the measured incident optical power Po and the corresponding
characteristic solar cell parameters of a tandem solar module calculated from measured
JV-curves. The given parameters are the converted power Pc corresponding to one cell of
the tandem, the efficiency η, the short circuit current density Jsc, the fill factor FF and the
solar cell open circuit voltage Voc,c. The data were achieved on a summer morning and a
summer afternoon on two days, the 24th of June and 2nd of July 2009 by Blank [26]. The
black line in Figs. 6.3 a)-f) marks the changing date. For information on the used samples
see [26].
The variation of the incident spectrum from morning to noon and evening brings
about a considerable variation in the measured and calculated parameters. High-energy
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Fig. 6.3: a)-f) The solar cell parameters calculated from current voltage-curves measured
under natural illumination vary within the course of the day. The measurement was per-
formed on different days, as marked here by the black vertical line, to assure always sunny
conditions (see also [26]).
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Fig. 6.4: The difference in short circuit current density of top and bottom cell was calcu-
lated from the measured spectra and quantum efficiency. In the morning and evening the
bottom cell current density increases over the top cell current density. At noon, the top
cell short circuit current density is higher than the bottom cell short circuit current den-
sity. The changing subcell currents mirror the shift in the incident spectrum from red-rich
to blue-rich and again to red-rich during the course of the day.
photons are mainly absorbed in the top cell, while low-energy photons increase the current
of the bottom cell. Typically the incident spectrum has a higher fraction of blue light at
noon, while the relative fraction of infra red light is increased in the morning and evening
hours. The converted power Pc and current density Jsc follow the irradiated power Po.
The voltage Voc,c behaves corresponding to the current dependence. The efficiency η
decreases in the morning and evening within a few hours. The fill factor FF differs in
the curve shape from the other parameters. It peaks at noon and decreases significantly
towards the morning and afternoon hours.
Figure 6.4 shows the difference of the subcell current densities Jsc,top − Jsc,bottom
corresponding to the measurements shown in Figs. 6.3 a)-f). The current densities were
calculated from the acquired illuminating spectra at the respective measurement time and
from measured external quantum efficiencies according to Eq. (2.4). The graph mirrors
the changing spectral composition of the illumination. Red-rich spectra in the morning
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and evening are favorable to the bottom subcell. The bluish spectrum at noon implies a
higher top cell current.
Another tandem module was exposed to varied spectra in the laboratory under con-
trolled irradiation conditions. The irradiated power Po was kept constant over the range
λ = 300 nm to 1100 nm. Note that Po refers to that wavelength range whereas a larger
wavelength range was used to calculate the efficiency. The variation in the experimental
spectra is achieved by displacing the Xenon and Halogen lamps of the solar simulator.
The dislocation results in varied contributions of the two light sources to the superposed
illumination. This causes a shift from blue-rich to red-rich illumination for the measure-
ment.
Figures 6.5 a)-f) show the incident illumination power and the respective acquired
solar cell parameters. A measurement of the illumination spectra and the external quan-
tum efficiencies of the two subcells allows for calculating the single layer current densi-
ties Jsc,top and Jsc,bottom. The incident power Po is approximately constant. The converted
power Pc responds to the spectral variation of the impinging light by developing a peak
under blue-rich illumination conditions. The same peak position is found in the solar cell
efficiency η. However, the total short circuit current density Jsc of the tandem solar cell
peaks under different illumination conditions. The AM1.5g standard spectrum is appro-
ximately met close to current matching conditions. The fill factor FF shows as expected
a minimum when current matching conditions are met. The solar cell open circuit voltage
Voc,c decreases slightly under red-rich illumination. The crucial point is that the maxi-
mum power Pc, max is not reached under current matching conditions. The variation of the
illumination spectrum shows whether the absorption in the a-Si:H or in the µc-Si:H has to
be enhanced. The efficiency can be maximized from 7.5 % under current matching to 8 %
under power matching conditions. In case of the investigated tandem module a decrease
of the top layer thickness would yield a higher power output.
6.3 Calibration of Reference Cell
A slight shift of the single cell JV-curves away from current matching under AM1.5g
illumination delivers a lower total current but a higher fill factor FF and, in total, a higher
power. The optimum is found by changing the spectrum and, thus, slightly shifting the
single cell JV-curves. The JV-curves corresponding to the optimum subcell layer thick-
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Fig. 6.5: a)-f) A variation from blue- to red-rich illumination in the laboratory provides
information on current matching and maximum reachable power. The standard AM1.5g
spectrum is approximately met close to current matching conditions. The maximum power
Pc,max is achieved under bottom limitation. Details on the measurement are given in [26].
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nesses have their maximum power at equal current density. The power mismatch for non-
optimized subcell layer thicknesses is detectable by measuring JV-curves under varied
incident spectra. The principle was shown for the measured laboratory spectra in the last
sections.
To make use of and extend this meaningful characterization method I performed a
simulation of the experimental steps. First, The IV-characteristic of a reference tandem
solar cell has to be measured under varied illumination spectra along with the quantum
efficiency. In a second step, the test tandem cell is illuminated with varied spectra. In
case of the test cell, neither the quantum efficiency nor the spectra need to be measured
to determine the subcell short circuit current density and cell efficiency corresponding to
the respective measurements. To show the concept of the proposed experimental method,
I simulated all values using the simulation tool ASA as explained in Chapter 2.
Figure 6.6 a) shows the quantum efficiencies of the simulated reference a-Si:H/
µc-Si:H tandem solar cell and the test tandem cell that is further analyzed in the second
step. Besides the quantum efficiency, I simulated the efficiency and converted power of
the tandem cell under various spectra. An infra red and a blue LED are simulated to
vary the spectrum. The wavelengths of the LEDs are chosen such that they affect only
the current of one subcell at a time, see Fig. 6.6 a). In order to keep the illuminated
optical power constant, the calibrated AM1.5g-like measured solar simulator spectrum is
damped. Then, LED light is added. For the measurement number n = 0 only the blue
LED is turned on, for n = 1 only infra red light is added to the damped solar simulator
spectrum. From n = 0 to n = 1 the power of the infra red and blue LED are changed
in the opposite direction step by step so that the sum of the two powers is always equal.
Figure 6.6 b) shows the solar simulator spectrum along with the same spectrum damped
to a lower power.
In Fig. 6.6 c) the converted short circuit current density of the top and bottom cell
(Jsc,top and Jsc,bottom) for the theoretical AM1.5g illumination is marked with a star. Though
the measured solar simulator spectrum originates from a solar simulator of class A, the
solar simulator spectrum does not deliver the same currents as the theoretical AM1.5g
spectrum. The diamond marks the values for the solar simulator spectrum. The AM1.5g
current densities are approached by decreasing the intensity of the solar simulator spec-
trum and adding the blue and infra red diode illumination. I increased the intensity of
both diodes until the top and bottom current densities corresponding to AM1.5g illumi-
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Fig. 6.6: a) Simulated external quantum efficiency of a reference tandem and a test tandem
cell. The blue and infra red LED light is added to the damped measurement spectra as
shown in b). c) By damping the solar simulator spectrum (the respective starting current
is marked by a diamond), and adding LED light, the short circuit currents are changed so
that they coincide with that for the theoretical AM1.5g spectrum (marked by a star).
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nation are met. Then the diode illumination is varied from blue on-red off to blue off-red
on in equidistant steps. By damping the solar simulator spectrum further, a wide range of
illumination spectra is available that is used to calculate the respective JV-characteristic
of the reference cell.
From the simulated corresponding JV-curves I calculate the output power Pc, effi-
ciency η, short circuit current density Jsc, fill factor FF and open circuit voltage Voc,c
under the varied spectra. Figure 6.7 shows the results. Using the simulated single junc-
tion JV-curves or the measured quantum efficiencies EQE of the two subcells and the
measured spectra allows for determining the single junction short circuit current under
each spectrum. Additionally, the Jsc,top/bottom under the theoretical AM1.5g standard spec-
trum can be determined. The difference of the short circuit currents ∆Jsc = Jsc,top−Jsc,bottom
is now an absolute value and used in the abscissa of Figs. 6.7 a)-f). As mentioned before,
the optical power Po incident onto the reference cell is kept approximately constant. The
converted power Pc of the reference tandem cell peaks close to current matching condi-
tions. The same is true for the efficiency η. The difference ∆Jsc for the theoretical AM1.5g
spectrum is calculated and the corresponding quantities are marked by a star in the plot.
As explained above illumination conditions for current matching (maximum Jsc) coincide
with a minimum in the fill factor FF. The changes in the open circuit voltage Voc,c are not
significant.
6.4 Calibrated Measurement
In the calibration of the reference cell it was required to measure the quantum efficiency of
the investigated solar cell as well as the illumination spectra. In order to have a fast char-
acterization tool, one needs to be independent of time-consuming calibration procedures
and the measurement of the quantum efficiency of each solar cell. This is realized by
using the tandem solar cell characterized as described above as a reference. Measurement
spectra used in the characterization of an arbitrary tandem solar cell are not calibrated us-
ing the new method. The LED light is added and varied in equidistant steps as was done
before. The reference and the device under test are then both exposed to these similar
spectra.
Figure 6.8 a) shows the simulated power of the two tandem cells plotted versus
the difference in short circuit current of the reference cell under reference illumination.
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Fig. 6.7: a)-f) Simulation based on spectra varied with two LEDs. Blue-rich illumination
corresponds to the measurement number n = 1 and red-rich illumination to n = 0. The
simulated solar cell parameters corresponding to AM1.5g illumination are marked by
stars. Current matching and maximum converted power do not coincide.
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Fig. 6.8: a) The reference tandem cell (ref., orange open circles) and a tested tandem
cell (red circles) are simulated under modified spectra. The x-axis is calculated from the
reference illumination measurement spectra (corresponding data: orange filled squares)
and the simulated quantum efficiency. By fitting the reference data under modified spectra
to the reference measurement (filled squares), see b), I obtain the correct cell power also
for the test tandem solar cell. The AM1.5g value can now be found without the need for
time consuming calibrations in the laboratory. The maximum achievable power under
power matching can be estimated.
The data for the reference cell are marked by orange circles, that for the test cell by red
circles. The filled squares mark the reference measurement. The abscissa is not valid for
the test tandem cell power Pc. By fitting the data set of the reference cell to the previously
taken reference data set with known spectrum and known ∆Jsc I obtain a correct plot for
the reference cell. Now I shift the data set of the device under test to the fixed scale of
efficiency and difference in current density using the same procedure as for the reference
cell. The result is given in Fig. 6.8 b).
The open squares in Fig. 6.8 b) give the fitted reference curve (orange) and the
analogously shifted test tandem cell power (red). I determine the converted AM1.5g-
power of the test tandem module as the power-value on the ordinate corresponding to the
same x-position as the AM1.5g value of the reference cell. The maximum achievable
power is also detected on the ordinate. The scale of ∆Jsc is of course still not applicable
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to the test tandem cell. It just gives a hint on which i-layer would have to be increased to
get a higher power.
Within a reasonable range of variation of the spectra, the measurement is indepen-
dent of the incident power, and the chosen spectra. No new calibration of the light sources
is necessary. The only requirement is to vary the spectra in equidistant steps and to keep
the power approximately constant.
6.5 Conclusion
This chapter shows that the common current matching of tandem solar cells does not
maximize the power output. The new matching in respect to maximum power matches
the current density of the subcells at their maximum power point. With the meaningful
new characterization procedure the mismatch of tandems can be quantified. In one mea-
surement the efficiency could have been maximized from 7.5 % under current matching
to 8 % under power matching conditions. Moreover, the method allows for the determina-
tion of the performance under AM1.5g illumination without the need for time consuming
adjustments of the solar simulator spectrum.
Chapter 7
Directional Selectivity and
Ultra-Light-Trapping in Solar Cells
In this chapter, the advantages and disadvantages of angle selective structures are in-
vestigated. An angular dependency of the optical properties of the front of a solar cell
device affects the energy conversion process twofold. A decrease in the transmittance of
incoming irradiation into the device under any angle implies obviously a loss as these
photons are not available for solar energy conversion anymore. Likewise, for emitted
and re-emitted non-absorbed photons leaving the solar cell, a decreased transmittance
of the front surface is advantageous as this configuration implies a trapping of photons
within the device. The approach presented in this chapter is a simulation of the effect of
directional and spectral selectivity.
7.1 Introduction
The concept of light-trapping via an angular restriction [164] or henergy and solid angle re-
strictionh [165] has been proposed in 1986 by Campbell and Green and in 1994 by Arau´jo
and Martı´. They showed that the same high peak efficiencies can be reached with angu-
lar confinement as with concentration (see also [105]). Moreover, Badescu [166] stated
in 2005 that an increase in the efficiency of PV converters by up to 10% is possible by
restricting the acceptance angle. However, such directional and energy selective optical
surface structures attached to solar cells may result in both, enhancement or deteriora-
tion of the photovoltaic performance of a solar cell. On the one hand, restricting the cell
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acceptance to the small incidence angle of direct- and circumsolar irradiation enhances
the maximum path length of the light in a solar cell with Lambertian surfaces even above
the Yablonovish limit [16] (ultra-light-trapping). On the other hand, under natural irradi-
ation conditions, restrictions to small acceptance angles imply losses of diffuse sunlight,
even for perfectly tracked solar cells. As exemplary cases, I calculated the theoretical
efficiency limits of crystalline silicon (c-Si) solar cells equipped with angle and energy
selective filters. First, I considered normal incidence and compare the quantum efficiency
and cell efficiency of three different solar cell setups; a planar cell, a cell with Lamber-
tian surface, and a cell with Lambertian surface and selective filter. In a second step, I
investigated the gain and loss in the annual energy yield depending on the transmission
characteristic, the irradiation, and the tracking mode. I simulated cell thicknesses of 1 µm,
10 µm, and 100 µm and the solar spectra for two locations; the equator and Stuttgart, Ger-
many (49 ◦N, 9 ◦E). The maximum gain in the annual energy density amounts to 32.5 %
for 1 µm, and up to ∼ 10 % for 10 µm and 100 µm thick perfectly tracked crystalline sil-
icon solar cells. The evaluation method is applicable to any angle and energy selective
structure on top of or below a photovoltaic absorber.
7.2 Enhancement of External Quantum Efficiency
In order to validate the basic benefit resulting from directional selectivity, I compare the
external quantum efficiency EQE, short circuit current density Jsc, and efficiency η. The
three solar cell configurations are visualized in Fig. 7.1. Throughout this chapter, I restrict
the investigations to slightly idealized crystalline silicon solar cells with a perfect rear
reflector. In case A, I assume the cell to have a planar surface. Case B represents a
scattering Lambertian surface that is, in setup C, covered by an angle and energy selective
filter. The transmission characteristic of an idealized selective filter is sketched in the inset
of Fig. 7.1. All photons with incidence angles θ smaller than the threshold angle θth, or
with an energy E larger than the threshold energy Eth are transmitted with the probability
t = 1. The filter is opaque for light incident under angles θ > θth and E < Eth. Once the
light has passed the filter, it enters the absorbing solar cell material.
As already described in Chapter 2, I approximate the quantum efficiency EQE(E)
in a first simplified approach by the absorptance in a crystalline silicon wafer a(E) ≈
EQE(E). Throughout this study I use crystalline silicon absorption data from [95]. In
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Fig. 7.1: Assumed light-trapping schemes compared in this study: (A) a planar cell,
perfect rear reflector, (B) cell with Lambertian surface, perfect rear reflector, and (C)
equal to setup B but the cell is additionally covered by an angle selective filter. The inset
sketches the transmission t of an idealized filter with t = 0 if the photon energy E is below
the threshold energy Eth, and the angle of incidence θ at the same time is larger than a
threshold angle θth. The transmission is t = 1 otherwise.
case of the planar solar cell A, I assume zero front reflectance and a perfectly reflecting
rear side. The absorptance
a(E) = 1 − e−α(E)2d (7.1)
is then calculated according to Beerhs law. The variable α(E) stands for the absorption
coefficient of crystalline silicon and d is the solar cell thickness. Green [37] derived the
formula used for the absorptance in case B, the cell with a Lambertian scatterer, to be
a(E) =
1 − tc
1 − tc(1 − tL) , (7.2)
with the angle integrated transmission
tc =
1 − α(E)2d
eα(E)2d
+ (α(E)2d)2
∞∫
α(E)2d
t−1e−tdt (7.3)
through the whole cell from front to rear and back. As mentioned before, I assume unity
and specular back side reflection. The variable tL denotes the transmission from the ab-
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sorber material through the Lambertian surface and equals 1/n2. The solar cell C is co-
vered by a selective filter additionally to the scattering surface. Thus, the equation for the
light absorption calculated in Eq. (7.2) is extended by the transmittance of the filter for
isotropically distributed diffuse irradiation
tf, diff(E) =
pi/2∫
0
tf(E, θ) sin(θ) cos θdθ
pi/2∫
0
sin(θ) cos θdθ
, (7.4)
to
a(E) =
1 − tc
1 − tc(1 − tLtf, diff) . (7.5)
Equations (7.4) and (7.5) hold for an arbitrary energy and angle dependent filter transmis-
sion tf(E,θ). For an idealized filter, as the step-function-like filter sketched in the inset of
Fig. 7.1, Eq. (7.4) simplifies to
tf, diff(E) = 2
θth∫
0
sin(θ) cos θdθ , for E ≤ Eth (7.6)
and
tf, diff(E) = 1 , for E > Eth . (7.7)
Under the assumption of perfect carrier collection, with elementary charge q and incident
spectrum ψ(E) as described in Chapter 2, the short circuit current density
Jsc(E) = q
∫
ψ(E)a(E)dE (7.8)
directly results from the absorptance, whereas for non-perfect collection, a(E) is replaced
by the quantum efficiency. According to Eq. (2.5), the external quantum efficiency
EQE(E) =
d∫
0
g(z) fc(z)dz (7.9)
depends on the generation rate of charge carriers g(z) at each depth z in the solar cell and
the corresponding collection efficiency fc(z). The collection efficiency fc(z) is calculated
using Eq. (2.30). For a flat cell of thickness d (case A), the generation rate is given by
g(z) = α(e−αz + eα(z−2d)) . (7.10)
Enhancement of External Quantum Efficiency 105
In case B, the cell with Lambertian surface, Eq. (7.10) changes to
g(z) = 2α
Ei2(αz) + Ei2(α(2d − z))
1 − tc(1 − tL) , (7.11)
(see also [167]) and to
g(z) = 2α
Ei2(αz) + Ei2(α(2d − z))
1 − tc(1 − tLtf, diff) , (7.12)
for case C, i.e. a Lambertian surface and a directional selective filter on top of the solar
cell. The exponential integral Ei2 is defined as
Ei2(z) := z
∞∫
z
e−t
t2
dt = e−z − z
∞∫
z
e−t
t
dt . (7.13)
In the following calculations, the front reflection is set to zero, so that internal and external
quantum efficiencies are identical. I consider the ideal case of perfect carrier collection
( fc = 1), i.e. EQE = a, and the case of a finite lifetime τ = 1 µs and thus imperfect
collection, where EQE < a. I denote the respective results for the three solar cell types
A, B, C for simulations with perfect collection, and Ah, Bh, Ch for the imperfect case.
Figure 7.2 shows the quantum efficiency for cases A, B, C and Ah, Bh, and Ch versus
energy for a d = 10 µm thick silicon solar cell. The absorptances for the cases A, B,
C and the quantum efficiencies for Ah, Bh, Ch almost coincide. This is due to the small
thickness of the cell that implies an almost perfect collection efficiency fc ≈ 1 in all
depths z. Curves A and Ah show the disadvantage of the thin planar cell. The quantum
efficiency EQE is low within the displayed energy range. The path length within the
thin flat cell, which amounts to 2d = 20 µm, is smaller than the absorption length for
those energies. The path length enhancement of cells with a Lambertian light-trapping
surface, cases B and Bh, implies an enhancement in absorptance and quantum efficiency.
The directional and energy selective filter that is used in cases C and Ch is active below
the exemplarily chosen threshold energy Eth = 1.2 eV. Light rays with lower energies,
E < Eth, are hindered to leave the cell dependent on their incidence angle in relation to
the filter. This reduction of the angle of emittance of the cell leads to an enhancement in
absorptance/quantum efficiency from approximately 0.6 to almost unity just below Eth.
Figures 7.3 a) – c) display the thickness dependence of the short circuit current den-
sity Jsc resulting from Eq. (2.4) for the respective absorptances and quantum efficiencies
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Fig. 7.2: External quantum efficiency EQE versus photon energy E for an exemplary
10 µm thick crystalline silicon solar cell. Considered are the configurations given in
Fig. 7.1 A-C, the cell with planar surface (A), the cell with Lambertian surface (B),
and the same cell covered by a selective filter (C). The filter in C has the threshold energy
Eth = 1.2 eV and angle θth = 2.5 ◦. The black lines (A, B, C) represent the case where
the quantum efficiency equals the absorptance, i.e. the lifetime is assumed infinite and
collection efficiency unity. The orange lines (A′, B′, C′) mark the cases where a lifetime
of τ = 1 µs is assumed and the EQE is calculated from Eq. (2.5).
and an AM1.5g spectrum taken from [98]. Assuming an ideal collection of charge carri-
ers, the photocurrent Jsc corresponds to the number of absorbed photons. The respective
short circuit current densities for the cases A, B, and C from Fig. 7.2 increase with thick-
ness due to the enhanced path length and absorptance in thicker cells. The differences
between the curves are due to the differences in light-trapping and emittance of the so-
lar cells and thus decrease with cell thickness. The cases Ah, Bh, and Ch show that finite
minority carrier lifetimes of a) τ = 0.01 µs, b) 1 µs and c) 100 µs (chosen to represent
a wide scale of material qualities) lead to a decrease in the short circuit current density
Jsc for larger cell thicknesses and therefore define in each case optimum cell thicknesses
d ≈ 2 µm, 20 µm, and 200 µm, respectively. These values correspond to roughly half of
the bulk diffusion lengths Ld = 5.2 µm, 52 µm and 520 µm.
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Fig. 7.3: Dependence of the short circuit current density Jsc on the thickness of a c-Si
solar cell for the configurations of Fig. 7.1 A-C. The black curves (marking cases A, B,
C) represent Jsc corresponding to the number of solar photons absorbed in a solar cell
of thickness d. Thus, these curves represent identical data in all three graphs a) – c) and
increase monotonically with d (note the change of scale). Marked by orange lines (A′,B′,
C′), I assumed minority carrier lifetimes a) τ = 0.01 µs, b) 1 µs and c) 100 µs. Due to the
low absorptance in thin cells and the limited collection efficiency in thicker cells, maxima
in Jsc develop at a thickness of approximately half of the diffusion length.
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7.3 Enhanced Cell Efficiency under Normal Incidence
In a first calculation, I regard perpendicular incidence of photons with energies and inten-
sity according to the AM1.5g spectrum. Figures 7.4 a)-c) show the solar cell efficiencies
η calculated with Eqs. (2.36)-(2.39) for increasing cell thicknesses d. The lifetimes are
chosen to be a) τ = 0.01 µs, b) 1 µs, and c) 100 µs. The curves A, B, and C mark the
radiative efficiency limits of the three solar cell setups. Each absorbed photon generates
one charge carrier whose collection efficiency is limited only by radiative recombination.
The course of the curves is determined by the short circuit current (see Figs. 7.3 a)-c)).
There are two particularly interesting issues in Figs. 7.4 a)-c), the crossover of the
curves A and B, and the values of curves C that overcome the Shockley-Queisser limit
of η = 31 % for non-concentrated light. Both effects are due to the radiative losses that
appear under bias voltage at the maximum power point.
The crossover, i.e. the increase of curve A to values above curve B at thicknesses
d ≈ 200 µm in Figs. 7.4 b) and c) is due to the fact that light-trapping not only enhances
the coupling of external light into the solar cell but also the radiative emission of light
from the cell into the ambient. Thus, not only the short circuit current density Jsc but
also the radiative saturation current density J0 is increased by light-trapping, in general
much more than Jsc. Via Eq. (2.32), this leads to a lower Voc for the light-trapping
case (B) compared to the flat cell (A). For thicknesses d > 200 µm, this loss in Voc even
overcompensates the gains in Jsc that are relatively small at such thicknesses. Due to
Eq. (2.34), the overall efficiency is then smaller with light-trapping than without.
The very high efficiencies obtained for curve C are a direct result of the angular
selectivity of the filter. The Shockley-Queisser limit of 31 % is overcome because the
directional selective filter blocks most light that otherwise would be emitted by the cell.
Therefore, not only the light-trapping is enhanced but also the radiative losses are reduced
much below the values achievable if emission is omni-directional. As a consequence,
the open circuit voltage rises over the (omni-directional) radiative limit and so does the
efficiency.
It is interesting to note that in the radiative limit, a solar cell with a directional
selective filter corresponds to a solar cell with light concentration, though actually, there is
no light concentration at all (see also [105], [165] and [168]). In some sense, this situation
of a ‘non-concentrating concentrator cell’ (in the radiative limit) is complementary to
a photovoltaic fluorescent collector equipped with an omni-directional energy selective
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Fig. 7.4: a)–c) Thickness dependence of the efficiency of a silicon solar cell. First I regard
perfect carrier collection and radiative recombination as the only loss mechanism, thus
the curves A, B, and C display the radiative limit, i.e., identical curves for a)–c). For
curves A’, B’, C’, I assume the same optical configurations but a finite (non-radiative)
recombination lifetime τ = 0.01 µs in a), 1 µs in b) and 100 µs in c).
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filter [169]. Here, the limiting radiative efficiency corresponds to the Shockley-Queisser
limit for a non-concentrating system, though the collector actually acts as a concentrator.
In the cases Ah - Ch in Figs. 7.4 a)-c), I consider non-radiative losses for Jsc (leading
to an EQE below unity) and Voc (leading to lower Voc values than for the radiative case).
One observes efficiency maxima at solar cell thicknesses smaller than those of the respec-
tive maxima in Jsc (Figs. 7.3 a)-c)). This is because the carrier generation rate per unit
volume and the open circuit voltage Voc are higher in thinner cells [13], especially in those
with light-trapping (Bh and Ch). The higher maximum efficiency of case Ch, compared to
case Bh, amounts to approximately 2 % absolute. With a selective filter, the maximum
efficiencies ηmax are 17.3 % (τ = 0.01 µs), 22.6 % (τ = 1 µs), and 28.3 % (τ = 100 µs),
respectively.
The restriction to normal incidence is interesting as a theoretical study. However,
even perfectly tracked solar cells receive a certain percentage of diffuse illumination im-
pinging under all angles. Thus, the smaller the threshold angle, the more light is excluded
from the system. This is an even more critical loss mechanism without tracking. Hence,
I perform an optimization of the angle selectivity along with the energy selectivity to es-
timate the chances and drawbacks of angle and energy selective structures. This study
of the annual energy yield of solar cells with and without filter is presented in the next
section.
7.4 Gains and Losses with Idealized Filters
This section gives the results of the simulation described in Chapter 2 for crystalline
silicon solar cells for the idealized filter of the inset of Fig. 7.1. I assume that all direct-
and circumsolar light impinges under angles of less than 2.5 ◦ towards the normal and
choose this angle as minimum threshold angle θth of the selective filter.
Figures 7.5 a)-c) are gray-scale plots of the enhancement of the annual energy den-
sity that is collected by a solar cell equipped with the idealized selective filter within
one year. The cell is simulated being perfectly tracked and located at the equator. The
energy density is normalized to the yield of an equally tracked solar cell without filter
(zero front reflectance). The assumed cell thicknesses and lifetimes are in a) d = 1 µm,
τ = 0.01 µs, in b) 10 µm, 1 µs, and in c) 100 µm, 100 µs. Thus, the cell thicknesses are
chosen somewhat smaller than the optimum for the specific lifetimes (cf. Figs. 7.4 a)-c)).
The threshold angle is drawn on the abscissa, the threshold energy on the ordinate. Here, I
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Fig. 7.5: a)–c) Enhancement of the annual energy yield of a cell equipped with an angle
selective filter of threshold energy Eth and threshold angle θth. The values are norma-
lized to the case without filter. The simulation was performed for the equator for perfect
tracking and crystalline silicon solar cells of the thicknesses and lifetimes as labeled in
the plots. The maximum enhancement in annual energy density of 32.5 % is reached for
a narrow threshold angle of θth = 2.5◦ that assures a good light-trapping, and a threshold
energy of Eth = 2.0 eV.
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assume the cell to be two-axis tracked, so that the full surface always faces the sun. Thus,
a small threshold angle implies efficient light-trapping, while a threshold angle of 90 ◦ is
equivalent to not using the filter, i.e. unity transmittance for the half space above the cell.
The light-trapping enhanced by the filter comes into effect only if the threshold
energy (the energy below which the filter is active) is high enough to collect photons from
the solar spectrum. If chosen too high, the filter is active for all incident photons and
almost all the diffuse irradiation is lost, depending on the angle restriction.
At the equator, the optimum energy density enhancement of 32.5 % is found for
the 1 µm thin cell at a threshold energy Eth of about 2.0 eV and the smallest consid-
ered threshold angle θth = 2.5 ◦. For the thicknesses 10 µm (Fig. 7.5 b)) and 100 µm
(Fig. 7.5 c)), the enhancement amounts to 14.6 % (for Eth=1.5 eV and θth = 2.5◦) and to
9.3 % (Eth=1.3 eV and θth = 2.5◦), respectively.
For Stuttgart (Germany) the maximum enhancement for a perfectly tracked solar
cell with angle selective filter amounts to 32.5 % as well. This percentage is reached for
the threshold energy Eth=1.8 - 1.9 eV and angle θth = 2.5◦ for the 1 µm thick cell, 14.7 %
(Eth=1.4 eV and θth = 2.5◦) for the 10 µm cell, and 9.5 % (Eth=1.2 eV and θth = 2.5◦) for
the 100 µm cell. The threshold energies corresponding to the maximum yield in Stuttgart
are lower than those at the equator. This is due to the fact that the lower the threshold en-
ergy, the more diffuse light is absorbed. Obviously, the amount of diffuse light, simulated
with a simple cloudless model, is greater for longer paths through the atmosphere, i.e. at
places far away from the equator.
Figure 7.6 illustrates the effect of light entering under angles smaller or larger than
the threshold angle for an arbitrarily chosen threshold energy Eth=1.2 eV. It displays the
energy resolved quantum efficiency. Curve C corresponds to a selective filter with thresh-
old angle 2.5 ◦ and threshold energy Eth as labeled, curve B represents again a cell with
Lambertian surface without any filter. The dashed area under curve C represents the gain
in short circuit current, assuming incidence angles below 2.5 ◦ – here I chose 0 ◦ as inci-
dence angle of the illumination and the AM1.5g spectrum. Integrating the incident spec-
trum multiplied by the quantum efficiency and elementary charge, see Eq. (2.4), yields the
converted short circuit current density. It amounts to 4.7 mA/cm2. Neither diffuse light
with incidence angles above 2.5 ◦ nor obliquely incident direct solar light is transmitted.
In comparison to not applying a filter, this results in a loss of 1.3 mA/cm2. The numbers
depend on the chosen threshold energy and threshold angle, i.e. light-trapping effect.
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Fig. 7.6: Spectrally resolved external quantum efficiency for an exemplary silicon solar
cell of thickness d = 10 µm. The filter which is used in the solar cell setup in case C
provides angle selective transmittance. Perfect tracking implies perpendicularly incident
light and leads to a gain in Jsc of 4.7 mA/cm2 in comparison to Lambertian light-trapping
only, as in B. The shown filter has the configuration Eth = 1.2 eV and θth = 2.5 ◦. If the
sunlight is incident with angles exceeding 2.5 ◦, photons with energies below the threshold
are blocked and thus a loss of 1.3 mA/cm2 in Jsc results.
Figures 7.7 a)-c) show the same simulations as Figs. 7.5 a)-c) but assume no
tracking. At the equator, the solar irradiation is intensive in a wide angle range, see
Fig. 2.6 a). Thus, a selective filter blocks much light and brings about almost no enhance-
ment for non-tracked systems. The enhancement of light-trapping via angular restrictions
appears not as a suitable concept without tracking. However, one may read the results
from Figs. 7.7 a)-c) in a different way: light-trapping schemes that bear an unintentional
angular selectivity may still yield a high annual yield provided the angular restrictions are
relatively wide or they are limited to a certain range of photon energies. Thus, the wide
range of threshold angles and energies that still allow for an annual yield close to 100 %
might be considered as the range of allowance for angular selectivity. For the non-tracked
systems, the tolerance for spectral and angular selectivity increases for thinner cells, see
Figs. 7.7 a)-c).
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Fig. 7.7: a)-c) Enhancement ( > 1) and attenuation (< 1) of the normalized annual energy
yield at the equator for a) a 1 µm, b) a 10 µm, and c) a 100 µm thick silicon solar cell,
not tracked but equipped with a selective filter. The maximum simulated restrictions with
small θth = 2.5◦ and high Eth > 1.9 eV of the selective filter lead to losses greater than
50 %. The simulation predicts a wide range of angle and energy selectivity with only
negligible or no losses. In case of the thinnest cell, d = 1 µm, a small enhancement of 1 %
is reached.
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Tab. 7.1: Enhancement ∆ of the annual energy yield of solar cells of thicknesses d and
lifetimes τ at the equator and at Stuttgart. The simulated configurations are no tracking,
tracking around the azimuthal, polar, and horizontal axis, and perfect two axis tracking.
location equator
thickness d 1 µm 10 µm 100 µm
lifetime τ 0.01 µs 1 µs 100 µs
∆[%] Eth [eV]/θth [◦] ∆ Eth /θth ∆ Eth / θth
no tracking 1.4 1.4/42.5 0.7 1.2/42.5 0.3 1.1/42.5
azimuth axis - - - - - -
polar axis 10.6 2.0/32.5 4.5 1.5/32.5 2.2 1.3/32.5
horizontal axis 1.9 1.4/42.5 0.9 1.2/32.5 0.5 1.1/22.5
two axis 32.5 2.0/2.5 14.6 1.5/2.5 9.3 1.3/2.5
location Stuttgart, Germany (35 ◦ cell inclination)
thickness d 1 µm 10 µm 100 µm
lifetime τ 0.01 µs 1 µs 100 µs
∆[%] Eth [eV]/θth [◦] ∆ Eth /θth ∆ Eth /θth
no tracking 1.3 1.4/42.5 0.7 1.2/42.5 0.3 1.1/42.5
azimuth axis 6.0 1.8/42.5 2.6 1.3/42.5 1.3 1.2/42.5
polar axis 9.8 1.6/22.5 4.4 1.3/22.5 1.9 1.2/22.5
horizontal axis 2.1 1.3/22.5 0.8 1.2/42.5 0.5 1.1/22.5
two axis 32.5 1.9/2.5 14.7 1.4/2.5 9.5 1.2/2.5
Table 7.1 summarizes the simulated gain in the annual energy yield for all consid-
ered configurations. I simulate all common tracking modes, as given in Chapter 2, at the
two chosen locations, the equator and Stuttgart, Germany. The thinnest cell, d = 1 µm,
profits most from the enhanced light-trapping. Due to the lower fraction of diffuse light,
the filter implies the highest profit at the equator at higher threshold energies compared to
Stuttgart. Polar axis-tracking is more favorable to other one-axis tracking modes. Eventu-
ally, tracking is needed to reasonably profit from this kind of light-trapping. However, as
the apparent trajectory of the sun occupies a different region of the sky depending on the
distance to the equator, threshold values need to be calculated specifically for the chosen
location on earth.
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7.5 Gains and Losses with Realistic Filters
Rugate filter
It has been shown recently [170] that continuous refractive index profiles are potential
candidates for efficient light-trapping in terrestrial solar cells since they can provide angle
and energy selectivity. For normal incidence they feature high transmission up to a spe-
cific wavelength λ0, where a single reflection peak can be observed. The short wavelength
edge of this stop band shifts towards shorter wavelengths when increasing the angle of in-
cidence [171]. This so-called blue shift of the reflection band is caused by the Bragg
effect.
The absorptance of solar cells covers a broad spectrum ranging from the UV to
the near infrared. Therefore, all light-trapping coatings must be transparent within this
wavelength range at least for normal incidence. This prerequisite limits the number of
coating materials presently used for optical applications. Besides the large range of high
transparency, the coating constituents must allow for continuous mixing. The growth
of e.g. nanocrystals would lead to deviations of the local effective refractive index and
therefore, seriously deteriorate the optical performance.
I simulated the annual energy density of a perfectly tracked crystalline silicon solar
cell located at the equator and covered by a realistic Rugate filter (see [170]). The filter
is optimized for a 1 µm thick cell. For comparison, I simulated the yield of a solar cell
equipped with a quintic anti-reflection layer [172] of the same thickness as the filter,
consisting of the same materials, which corresponds to a filter with no energy selectivity.
The result is that the realistic Rugate filter increases the annual energy yield by
about 4.7 % absolute (d = 1 µm). For the 10 µm thick cell, I simulate a gain of 3.9 %;
for d = 100 µm, the gain amounts to 3.4 %. The sinusoidal refractive index profile is
challenging, expensive, and time consuming in fabrication. Additionally, the profile is
prone to parasitic absorption.
Inverted Opal Layers
Another directional selective filter is a 3D photonic crystal. Since 1987, significant
progress has been made towards the theoretical understanding and the fabrication of 3D
photonic crystals [173, 174]. Especially their feature of a complete photonic band gap
has generated considerable attention. This effect allows for realizing a number of novel
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concepts such as the suppression of spontaneous emission. The crystals can be fabricated
with a stop gap that is a directional selective photonic band gap.
For an idealized inverted opal structure, I simulated an annual gain of up to 7.5 %
(at the equator, 7 % for Stuttgart, Germany) for the 1 µm thin silicon solar cell with perfect
tracking. A similar percentage is reachable for one-axis polar tracking. The thicker the
cell, the less efficient is the use of the inverted Opal filter. Without tracking, there is no
significant gain for any thickness.
Unfortunately, it turns out that non-idealized inverted opals are not suitable for an
efficiency enhancement as the transmission is not high enough in the broad wavelength
range [175, 176].
Bragg-like Layer Stack
An aperiodic layer stack can be used as a simple and manufacturable angle selective
filter. In the next chapter, an experiment is shown that proves the light path enhancement
potential by applying such an angle selective Bragg-like multi-layer stack filter.
7.6 Conclusion
I studied the effect of energy and angularly selective structures on the annual energy yield
of solar cells. In an exemplary simulation, I validated the improvement in light-trapping at
the expense of blocked solar light. I considered a silicon solar cell with scattering surface
that is covered by an idealized filter with unity transmittance below an acceptance angle
and above a certain threshold energy. The optimum filter (threshold angle of 2.5 ◦ and
threshold energies in the range of 1.8 - 2.0 eV, depending on the local spectrum) brings
about an increase of 32.5 % in the annual gain for a tracked 1 µm thick crystalline silicon
solar cell. The effect is limited by the cell thickness to an increase of 9 % for a 100 µm
thick cell. Also, one-axis polar tracking implies an improvement of up to ∼ 10 %. In
case of no tracking at all the large angle range under which the cell faces the sun leads
to losses that increase with small threshold angles and large energies. However, there
is a wide range of threshold angles and energies that imply only negligible losses for
selective surface structures. In the scope of a national research project, I investigated
two concepts to fabricate selective structures, namely Rugate stacks and inverted opals.
The simulations prove that these non-ideal structures still involve a significant increase
of up to ∼ 4.7 % (Rugate filter) and 7.5 % (inverted opal layer) in the annual gain. An
experimental realization with a simple Bragg-like stack filter is shown in the next chapter.
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Chapter 8
Light-Trapping in a-Si:H Solar Cells by
Bragg-like Filters
This chapter presents the experimental realization of a spectral and directionally selective
Bragg-like filter covering the front glass of hydrogenated amorphous silicon solar cells.
The multi layer stack filter is deposited directly onto the glass substrate of the investigated
cells. The reflection and the external quantum efficiency were measured before and after
depositing the filter to show the improvement in light-trapping.
8.1 Introduction
One of the foremost challenges in designing high efficiency thin-film solar cells is deve-
loping advanced light-trapping schemes. A light path enhancement is mandatory espe-
cially for hydrogenated amorphous silicon (a-Si:H) solar cells. Here, the absorber layer
thickness w is limited by the low mobility-lifetime-product to a few hundred nanome-
ters [22]. For example, a single path through a w = 400 nm thick a-Si:H cell corres-
ponds as absorption length Lα(λ) to a photon wavelength λ = 600 nm. By using light-
trapping a 50-fold increased light path of 20 µm can be reached. The absorption length
Lα(λ) = 20 µm corresponds to the wavelength 720 nm. In this range, 600 nm-720 nm, the
AM1.5g solar spectrum [98] contains ≈ 9 mA/cm2, ≈ 30 % of the total current available
to a-Si:H solar cells. Most of this current would be lost without the attempt to trap the
light.
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The common approach to increase the optical light path wo is to use a mirror at the
back of the solar absorber, so that the path length through the material of thickness w is
doubled to wo = 2w. Additionally, a textured surface is routinely used in thin film silicon
technology to scatter the incoming light and to keep it in the absorbing layer via total
internal reflection. The solar cells used in this experiment are such common cells with
back reflector and scattering layer. I compare them to the same cells equipped additionally
with an angle and energy selective optical filter. Restricting the angle of acceptance and,
by virtue of the reversibility of the light path also the angle of (re-)emittance, enhances
the maximum optical path length of weakly absorbed light. The context has already been
described in Chapters 2 and 7. As said before the restriction of the angle of acceptance θ
to values below a threshold value θth leads to a maximum light path of
kw = 4n2w/ sin2 θth (8.1)
[17, 105], where k is the light path enhancement factor, and n the refractive index of the
photovoltaically active absorber.
In a first experimental study [177, 178], it has already been demonstrated that a
Bragg-like filter attached to an a-Si:H solar cell improves the external quantum efficiency
within a certain spectral range. However, an increase in the short circuit current density
was not yet obtained. Newly achieved data presented in this chapter show an optical path
length, calculated from reflection measurements, increased by a factor of up to κr,max ≈ 3.5
in the weakly absorbing high wavelength range (650 nm < λ < 770 nm). The external
quantum efficiency rose as well, leading, however, to a much smaller increase in the ef-
fective path length. The effective enhancement amounted to a factor of κEQE,max ≈ 1.5 in
its maximum in the wavelength regime close to the band gap. The performance of the
Bragg-like filter is limited by parasitic absorption in the adjacent transparent conductive
oxide layers and at the back reflector. Nonetheless, I report an increase of 0.2 mA/cm2 in
the short circuit current density. Several samples on two different substrates were investi-
gated. No or less gain is determined if higher parasitic absorption occurs in the substrate
itself and the front contact layer.
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Fig. 8.1: The investigated solar cells consist of a multi layer stack filter on top of the
front glass, a transparent conductive oxide (TCO) layer, a pin-absorber of hydrogenated
amorphous silicon (a-Si:H), and a back contact of TCO and silver (Ag). The Bragg-like
filter is applied on top of the front glass after a first characterization of the cell without
filter. The filter reflects light with angles θ > θth and transmits all radiation impinging
under angles of incidence θ < θth. (Thicknesses are not to scale.)
8.2 Experiment
Figure 8.1 sketches the cross section of a hydrogenated amorphous silicon (a-Si:H) solar
cell with an optical filter on top. The non-periodic multi layer filter consists of 73 alterna-
ting layers of SiO2 and Ta2O5 with a total thickness of the filter of 5.5 µm. The filter was
deposited by the company mso Jena Mikroschichtoptik GmbH in a plasma-ion assisted
deposition process. Due to the Bragg-effect the transmission and reflection of the filter
are spectrally and directionally selective. Incident radiation with wavelengths λ smaller
than the threshold wavelength λth passes the filter with almost no absorption loss, whereas
for obliquely incident photons the filter is opaque in a wavelength range above λth. The
threshold wavelength λth shifts to lower wavelengths with increasing angle of incidence θ
according to the Bragg equation (2.44) as
λth(θ) = 2d
√
n2 − sin2(θ) =
√
λ20 − (λ20 − λ21) sin2 θ , (8.2)
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see also [179]. Here, d is the thickness of one layer of the filter and n the refractive index
of its material. The quantities λ0 and λ1 denote the threshold wavelengths at sin θ = 0 and
sin θ = 1, respectively. Though not representing the full physics of our multi layer stack,
Eq. (8.2) is sufficiently accurate to explain our experimental results as will be shown
below. The directionally selective properties of the filter are characterized by the threshold
angle θth(λ). Light impinging onto the filter within a cone defined by the opening angle
θth passes the filter. All other light paths are reflected.
After passing the filter and the glass substrate, the etched front transparent conduc-
tive oxide layer (TCO) scatters the transmitted radiation into the photovoltaic absorber
material. The absorber consists of a p-type (p), an intrinsic (i), and an n-type (n) layer. A
second TCO layer and silver (Ag) form the back contact. Traversing the different layers
of the solar cell, the radiation is partly absorbed. The non-absorbed portion of the light
impinges onto the filter under angles varying –in most cases– from the perpendicular in-
cident angle. According to the Bragg characteristic, in a certain wavelength range, the
filter is transparent for perpendicularly incident and opaque for obliquely incident pho-
tons. Thus, most non-absorbed photons are reflected back into the solar cell. The light
paths for photons of high wavelengths thus increase.
The external quantum efficiency is used to quantify the light-trapping effect. In
order to have a good comparison, I measured the external quantum efficiency of each
investigated solar cell before and after depositing the filter. The filter was tested on two
different substrates for the a-Si:H solar cells. The substrates are textured SnO2:F on green
glass (Asahi glass type U), substrate A presented in Chapter 3, and etched ZnO:Al on
Corning glass [180], substrate C in Chapter 3. The photovoltaic absorber layer thickness
was varied between ≈ 200 nm and 400 nm for each substrate. Details on the used samples
and the labeling are given in Tab. 3.1, Chapter 3.
8.3 Results and Discussion
Figure 8.2 a) shows the total reflectance of an a-Si:H solar cell measured for perpen-
dicularly incident light. The absorber layer thickness of the sample aC2 on substrate C
amounts to 322 nm. The reflectance of the solar cell without filter (reflectance r0(λ), black
line) rises for higher wavelengths. Here, the light path becomes smaller than the absorp-
tion length of photons in the solar cell material and the photons are re-emitted. After the
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Fig. 8.2: a) The total reflectance (r0/rfi, without/with filter, black/orange line) of solar cell
aC2 increases for wavelengths λ > 600 nm because non-absorbed light is re-emitted by
the cell. The filter is opaque at wavelengths λ < 350 nm and λ > 770 nm and suppresses
the re-emission of photons for 650 nm < λ < 770 nm. b) The difference in reflectance
∆r = rfi − r0 is reduced to a minimum of -40 % at λ < 764 nm. c) The decrease in
the diffuse reflectance shows the light-trapping of obliquely re-emitted radiation in the
wavelength range 650 nm < λ < 770 nm. d) The decrease in diffuse reflectance at the
filter edge amounts to ≈ 40 %.
deposition of the filter the reflectance (rfi(λ), orange line) is substantially decreased in the
wavelength range 650 nm < λ < 770 nm due to the directional selectivity of the filter
suppressing the re-emission of weakly-absorbed light. For wavelengths λ ≥ λ0 = 767 nm,
the reflectance rfi(λ) steeply rises to unity once the Bragg condition, Eq. (8.2), is met
for normal incidence. In the wavelength range 350 nm < λ < 650 nm, the reflectance
decreases slightly due to the anti-reflective properties of the filter. The filter induces a
high reflectance for λ < 350 nm, a spectral range that is beyond the absorptance of a-Si:H
solar cells. Figure 8.2 b) shows the difference in the reflectances ∆r(λ) = rfi(λ) − r0(λ)
highlighting a reduction of the reflectance by 40 % at the wavelength λ = 764 nm. The
large reduction in the diffuse reflectance, shown in Fig 8.2 c) close to the filter edge strikes
once more the working principle of the filter. The non-absorbed high wavelength photons
have a large angular distribution due to the scattering by the front TCO and reflection at
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Fig. 8.3: a) The external quantum efficiency EQE of the same sample measured with
(black) and without filter (orange line) and b) the difference ∆EQE = EQEfi − EQE0
show that the filter acts as anti-reflective coating for 350 nm < λ < 600 nm and increases
the light-trapping for 650 nm < λ < 770 nm. c) The internal quantum efficiency IQE
slightly decreases (see difference ∆IQE in d)) by application of the filter due to the fact
that parasitic absorption increases more strongly than absorption in the active layer.
the back. Thus they are blocked by the filter and trapped in the device. The decrease in
diffuse reflectance amounts to ≈ 40 % as shown in Fig. 8.2 d) at the edge of the filter.
Figure 8.3 a) depicts the external quantum efficiency EQE of the same sample.
Figure 8.3 b) shows the difference ∆EQE(λ) = EQEfi(λ) − EQE0(λ) between the exter-
nal quantum efficiency EQEfi(λ) with filter and EQE0(λ) without filter. The difference
∆EQE(λ) essentially reflects the features already observed in Figs. 8.2 a) and b). The
wavelength interval, where the quantum efficiency decreased significantly, corresponds
to the wavelength range where the filter is opaque, i.e. λ < 350 nm. The anti-reflective
effect of the filter results in an increase of EQEfi with respect to EQE0 in the wavelength
range 420 nm < λ < 550 nm. An enhancement of EQEfi is also observed in the range
650 nm < λ < 780 nm due to the directional selectivity of the filter. Integrating the stan-
dardized AM1.5g solar spectrum over the EQE without and with filter results in short
circuit current densities Jsc = 13.40 and 13.66 mA/cm2, respectively. Thus, a total gain of
0.26 mA/cm2 is detected, thereof 0.20 mA/cm2 in the wavelength range 650 nm − 770 nm
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Fig. 8.4: a) The total reflectance of the 414 nm thick a-Si:H solar cell aC3 on Corning
glass decreases when using the filter. b) The effect of the applied filter is slightly less
pronounced as the initial light paths are longer in the thicker device and the effect of the
light-trapping is reduced. c) The external quantum efficiency EQE with filter exceeds the
one measured before applying the filter in the wavelength ranges 350 nm < λ < 600 nm
and 650 nm < λ < 770 nm. d) In the first regime the filter acts as anti-reflective layer, in
the second the re-emission is suppressed.
due to the use of the directional filter. Unlike many other attempts [153, 154] to increase
the light-trapping in solar cells, the open circuit voltage, as well as the fill factor are not
affected by the deposition of the filter on top of the front glass. The initial efficiency of all
cells was above 9 %. An increase of the efficiency larger than measurement uncertainties
could however not be detected.
The internal quantum efficiency IQE in Fig. 8.3 c) was calculated using Eq. (3.1),
IQE = EQE/(1 − r). Thus, any increase in the EQE by the reduced reflectance due to
the filter is eliminated from the IQE by the division, here IQEfi ≤ IQE0 is valid (see
also Appendix A). The fact that IQEfi is slightly smaller than IQE0 in the ranges where
EQEfi increases with respect to EQE0 indicates that a significant portion of the light that
is trapped in the solar cell by the filter does not contribute to the short circuit current or,
likewise, to the EQE but is rather absorbed parasitically in the front TCO or at the back
contact. Figure 8.3 d) gives the difference ∆IQE(λ) to stress the losses.
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Fig. 8.5: a) The total reflectance of sample aA3 decreases by only up to 26 %. As vi-
sualized in b), the anti-reflective properties of the filter layer on substrate A are neg-
ligible. The quantum efficiencies of the sample before and after the deposition of the
filter almost overlie, see c). d) The light-trapping effect of the applied filter expected at
600 nm < λ < 770 nm is small due to parasitic absorption.
The impact of the absorber layer thickness on the light-trapping properties were
also studied. Figures 8.4 a) - d) show equivalent graphs to Figs. 8.2 a), b) and Figs. 8.3
a), b) for an absorber layer of 414 nm thickness prepared on the same substrate (sample
aC3). The decrease in reflection using the filter is less than for the thinner cell in Figs. 8.2
a) and b). The thicker the absorber layer, the longer the initial light paths. Hence, light-
trapping is less effective in thicker absorber layers and the gain in quantum efficiency is
reduced. The same regimes of a better anti-reflective property of the covering glass with
the filter layer on top and a better light-trapping due to the Bragg-like filter transmis-
sion characteristic can be identified at the wavelength ranges 350 nm < λ < 600 nm and
650 nm < λ < 770 nm, respectively.
The investigated solar cells were deposited on two different substrates. Figure 8.5
a) shows the total reflectance of sample aA3 deposited on substrate A with a 410 nm
thick absorber layer with and without the filter. The difference ∆r(λ) = rfi(λ) − r0(λ)
given in Fig. 8.5 b) amounts to -26 %. In case of both samples on substrate C, shown
previously, I detected a reduction beyond -30 %. The reflectance of the samples prepared
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on substrate A decreases less when using the multi layer filter compared to those prepared
on substrate C. The light-trapping effect expected at wavelength 600 nm < λ < 770 nm
is also decreased in the external quantum efficiency given in c). Additional transmittance
and reflectance measurements showed that the parasitic absorption within the filter on
substrate A and in the substrate itself amounts up to 4 % in the crucial wavelength range
600 nm < λ < 800 nm, which is much higher than for the almost lossless substrate C.
This fact stresses once more the importance of keeping the parasitic absorption as low as
possible when working on light-trapping.
In order to quantify the improvement of light-trapping by the multi layer filter
Lambert-Beerhs law is used. The reflectance correspond to the quotient of the incoming
photon flux Φ0 and the reflected flux Φ
r(λ) =
Φ(λ)
Φ0(λ)
= e−α(λ)wo . (8.3)
Here, I assume that the front reflectance is negligible and use Lambert-Beerhs law to define
the experimental optical path length wo. Using wo = k0/fiw for the relation between optical
path length wo and the geometrical thickness w defines the path length enhancement factor
k0/fi for the solar cell without/with filter. Equation (8.3) is rewritten as
k0/fi = − ln(r0/fi(λ))/(wα(λ)) . (8.4)
Since in the experiment the reflectance of the same device with and without filter are
compared, the absorption α as well as the geometrical thickness w remain unchanged.
Thus, the ratio
κr :=
kfi
k0
= ln(rfi(λ))/ ln(r0(λ)) (8.5)
can be determined directly from the reflectance data. With similar arguments I define
κEQE :=
ln(1 − EQEfi(λ))
ln(1 − EQE0(λ)) . (8.6)
The quantities κr and κEQE can be considered as improvement factors for the addi-
tional light-trapping provided by the filter. Figure 8.6 a) depicts these factors obtained
with the help of Eq. (8.5) and (8.6) from the reflectance of sample aC2 in Fig. 8.2 a) and
the EQE data in Fig. 8.3 a), respectively. For 350 nm < λ < 650 nm, κr is above unity
due to the reduction of direct reflection by the filter, whereas κEQE is very close to unity
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Fig. 8.6: a) The optical path length enhancement κr in the sample aC2 decreases to zero
for λ > 780 nm, where the filter is opaque. For wavelengths 350 nm < λ < 650 nm,
the increased path length is attributed to better anti-reflective properties of the covering
glass. The increase in light-trapping due to the Bragg-effect is visible between 650 nm
and 780 nm. The effective path length enhancement κEQE shows the same wavelength
dependence but a weaker increase. b) Increasing the thickness of the absorption layer
(sample aC3) reduces the light path enhancement due to the larger initial path lengths.
c) All samples prepared on substrate A, here aA3, show reduced improvement factors
compared to samples produced on substrate C.
indicating no change in the EQE. For λ > 650 nm both quantities increase because of the
additional light-trapping due to the directional selectivity of the filter. In this range, κr
represents a factor quantifying the additional light path prolongation in the device. The
peak value κr,max ≈ 3.5 seen in Fig. 8.6 a) implies that the light path in the device is
enhanced close to the threshold wavelength, at λ0 = 765 nm, due to the filter. The im-
provement factor κEQE obtained from the EQE is significantly below κr and only peaks at
a maximum value of κEQE,max ≈ 1.5. The quantity κEQE represents that portion of the light
path prolongation that is useful for generating additional short circuit current density. The
large difference between the improvement factor κEQE and κr is due to parasitic absorption
in the TCO and at the back contact which imposes limitations to any effort to maximize
light-trapping in solar cells [181]. At the peak values, the light path is prolonged by
κr,max − 1 ≈ 250 % but the useful enhancement in the device is only κEQE,max − 1 ≈ 50 %,
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Fig. 8.7: The maximum values of the improvement factors κ¯r and κ¯EQE depend on absorber
layer thickness and the used substrate (dots: A, squares: C). The error bars represent the
standard deviation of the number of investigated samples (5-12 measurements for each
data point).
i.e. only 20 % of the additional light confinement is used for generating additional short
circuit current density and 80 % is parasitically absorbed.
Fig. 8.6 b) shows the improvement factors for sample aC3. In the thicker absorber
layer, more light is already absorbed, so that the impact of the light-trapping decreases.
Sample aA3 of approximately the same absorber layer thickness but deposited on sub-
strate A is shown in Fig. 8.6 c). The strong absorptance in the substrate in the crucial
wavelength range limits the optical and the effective path lengths so that κr and κEQE are
both smaller than for the samples on substrate C.
Figure 8.7 demonstrates that the maximum values for the improvement factors κ¯r
and κ¯EQE depend on the absorber layer thicknesses and especially on the substrate. For
all thicknesses and substrates, a substantial reduction of the re-emission was achieved
leading to κ¯r > 2 in all cases. The significantly enhanced parasitic absorption of substrate
A however impedes an improvement of the EQE leading to κ¯EQE < 1 except for the
thickest sample. The plotted error bars represent the standard deviation obtained from
the number of investigated cells (5-12 cells per data point). The fact that the values κ¯EQE
increase for thicker cells on substrate A may be due to a better ratio between effective and
parasitic absorption.
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Fig. 8.8: The dependence of the external quantum efficiency EQEfi on the angle of inci-
dence θ is used to characterize the multi layer filter. Exemplarily, solar cell aC3 is shown.
Figure 8.8 shows the external quantum efficiency EQEfi(θ) of sample aC3 measured
under various angles of incidence θ. A decrease with increasing θ is observed in the active
wavelength range of the filter 650 nm < λ < 770 nm. An additional decrease in EQEfi(θ)
at λ ≈ 390 nm occurs due to destructive interference in the non-periodic Bragg filter.
Figure 8.9 a) shows the quotient EQEfi(θ)/EQE0(θ) obtained from a cell with filter
and a cell from the same preparation run without filter. In a), the sample aC2 on Corning
glass is shown. The ratio EQEfi/EQE0 drops sharply when θ exceeds the wavelength
dependent threshold angle θth. The beneficial effect of the filter is represented by the
white area where EQEfi(θ) > EQE0(θ). The grey and black area around λ = 650 nm
where 0.9 < EQEfi/EQE0 < 1.0 most probably results from the fact that two different
cells are used to generate the plot. As the absorber layer of the two aC3 solar cells used
for plot b) is thicker, there are less interferences visible in the single measurements. Thus,
the drop in EQEfi(θ)/EQE0(θ) close to λ = 650 nm is less pronounced. The absorption
in the green glass and the TCO of substrate A contradicts the effect of the filter, as can
be seen in c) for sample aA3. The dashed line in Figs. 8.9 a)-c) is calculated from
Eq. (8.2) with λ0 = 767 nm and λ1 = 600 nm and demonstrates that the directional
selectivity of the filter is well described by the simple Bragg characteristic. In addition,
these threshold wavelengths correspond well to the onset and the maximum of the light-
trapping improvement in Figs. 8.6 a)-c).
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Fig. 8.9: The working principle of the filter is visualized by dividing EQEfi by EQE0 ob-
tained from a sample without filter prepared in the same run. The dashed line is calculated
from Eq. (8.2) using λ0 = 767 nm and λ1 = 600 nm. It fits well the angular characteristic
of the filter. The three plots show the angle and wavelength dependent ratio EQEfi/EQE0
for different absorber thicknesses and different substrates. a) The increase in the relative
external quantum efficiency follows the Bragg characteristic shown here for sample aC2.
The white areas mark the regions where EQEfi/EQE0 is larger than unity. b) The same
wavelength and angle regimes of the quantum efficiency exceeding the quantum efficiency
measured before depositing the filter are visible for sample aC3. c) In case of sample aA3
an increase in the quantum efficiency is detectable. However, the losses exceed this small
gain.
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8.4 Conclusion
It was demonstrated that a directional selective filter can improve light-trapping in solar
cells and enhance the overall short circuit current density. For a-Si:H thin-film solar
cells the improvement depends on the substrate, the texture of the front TCO and the
thickness of the active absorber layer. A maximum improvement of 0.26 mA/cm2 in the
short circuit current density was measured, using textured ZnO on Corning glass and
an absorber thickness of 322 nm. A small part of the total improvement, 0.06 mA/cm2,
could be attributed to the anti-reflective effect of the filter, whereas the predominant part,
0.20 mA/cm2, is due to its directional selectivity. The demonstrated enhancement of the
optical path length up to a factor of 3.5 emphasizes the potential of directional selectivity
for improving the light-trapping. The total benefit of this potential is, however, limited by
parasitic absorption in the contact layers of the present devices.
Chapter 9
Conclusions and Outlook
The present thesis covers aspects of light-trapping in solar cells that are beyond the simple
standard of normally incident light with the standardized AM1.5g spectral dependence.
Measurements of the spectral dependence of the external quantum efficiency show that
the transmittance decreases above the Brewster angle. Neglecting this decrease implies an
overestimation of the annual yield by ∼ 2%. An anti-reflective texture outperforms a plain
glass surface under all angles. The texture is applicable to all kind of glass textured solar
cells. As shown exemplarily for thin film silicon tandem solar cells, the anti-reflective
texture increases the short circuit current density by up to 1 mA/cm2 and the conversion
efficiency by up to 0.7 % absolute. The increase in the annual yield is estimated to up to
10 %. The effect is generally not independent from the layer structure and light-trapping
beneath the glass surface. A challenging future task is to quantify the anti-reflective effect
and the effect of the changed light-trapping and matching on other solar cell types with
different layer structures and scattering properties.
Next, the spectral dependence of the efficiency and annual yield was simulated ex-
emplarily for thin film silicon tandem solar cells. So far, spectral conditions as clouds,
dust, local climate, and the solar cell temperature are not regarded. Under these re-
strictions of the model the layer thickness optimization with respect to the standardized
AM1.5g spectrum is not critical.
The present work has shown experimentally that the usual current matching condi-
tion for tandem solar cells is insufficient. An increase of the solar cell efficiency by 0.5 %
absolute, for instance, was experimentally shown to be possible for a current matched
solar cell. Instead of the current matching, the subcells of the tandem must be matched at
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their respective maximum power points. This definition, introduced in the present thesis,
automatically leads to a maximum output power of the device. A measurement technique
to determine the power mismatch of a tandem solar cell was proposed in this work and
demonstrated by numerical simulations. This method is a new meaningful characteriza-
tion tool for tandem solar cells. In a next step, such a set-up should be realized and tested
experimentally.
The concept of an increased light-trapping by angular restriction of the surface
transmittance has been shown experimentally for normally incident light and the stan-
dardized spectrum. Hydrogenated amorphous silicon solar cells show an enhancement
of the overall path length in the device up to a factor of 3.5. This emphasizes the po-
tential of directional selectivity for improving the light-trapping. Depending on the local
spectrum and filter configuration simulations determine a maximum increase of 32.5 %
in the annual gain for a tracked 1 µm thick crystalline silicon solar cell. Strong angular
limitations are, however, only applicable to tracked systems. As concentrator systems are
tracked, the combination of the angular restriction with a concentrating system [168] is
very promising. The combination of both concepts involves the same efficiency limits as
maximum angle restriction or maximum concentration.
In the future, the optimization of tandem solar cells will gain importance when-
ever cells are installed in regions of different climate and the focus is on the annual yield
instead of the laboratory values. One opportunity for an efficiency increase is to tailor
the angular and spectral dependence of light-incoupling to the local geometry of the geo-
graphic illumination conditions.
Appendix A
Internal Quantum Efficiency
The internal quantum efficiency IQEi is calculated from the reflectance ri and external
quantum efficiency EQEi. Here, the index i is introduced to distinguish between different
samples or measurements. As the effect of the reflectance is eliminated by the calculation
IQEi =
EQEi
1 − ri , (A.1)
the internal quantum efficiency should not differ for measurements of the same cell under
inclined angles. The question arises whether a change in the angle of incidence has an
effect on the light-trapping inside the solar cell.
The sum of the absorptance ai and the reflectance is unity as the transmittance of a
solar absorber with a back side mirror is equal to zero;
1 = ri + ai . (A.2)
The absorptance splits into the external quantum efficiency EQEi and the parasitic ab-
sorptance ap,i, i.e. all absorbed photons that do not contribute to the EQEi, thus
1 = ri + ap,i + EQEi . (A.3)
The reflectance r1 of a solar cell measured under perpendicular illumination is usually
lower than the reflectance r2 under oblique illumination. Due to the increased reflectance
the difference ∆ is lost,
r2 = r1 + ∆ . (A.4)
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The lower incident photon flux causes a reduction in EQE2 and ap,2 corresponding to their
contribution to the total absorption in the solar cell
EQE2 = EQE1 − EQE1a1 ∆ = EQE1 − k∆ , (A.5)
ap,2 = ap,1 +
ap,1
a1
∆ = ap,1 + (1 − k)∆ . (A.6)
Here, k = EQE1/(EQE1 + ap,1) is used as an abbreviation. An oblique angle of incidence
may change the light paths causing a redistribution of the photons absorbed parasitically
and those contributing to the external quantum efficiency. Equations (A.5) and (A.6)
change thus to
EQE2 = EQE1 + ∆lt − k∆ , (A.7)
ap,2 = ap,1 − ∆lt + (1 − k)∆ . (A.8)
The change ∆lt can be positive or negative. The sign in Eq. (A.7) has to be the opposite
as in Eq. (A.8) since the light is only redistributed.
The comparison of the internal quantum efficiency IQE2 under an oblique angle of
incidence to IQE1 as reference yields
IQE2
IQE1
=
EQE2(1 − r1)
(1 − r2)EQE1 (A.9)
=
(EQE1 + ∆lt − k∆)(1 − r1)
(1 − r1 − ∆)EQE1 (A.10)
=
(1 − r1)EQE1 − (1 − r1)k∆ + (1 − r1)∆lt
(1 − r1 − ∆)EQE1 (A.11)
= 1 +
(1 − r1)∆lt
(1 − r1 − ∆)EQE1 , (A.12)
IQE2 = IQE1 +
∆lt
1 − r1 − ∆ = IQE1 +
∆lt
a2
. (A.13)
Thus, if photons are absorbed advantageously under oblique angles in the photovoltaically
active layer, IQE2, determined under oblique incident illumination, can increase to values
above IQE1, determined for lower or perpendicular incidence angle. Correspondingly,
IQE2 decreases for an increased path length in the parasitically absorbing layers.
Appendix B
Coordinate Transformation and
Determination of the Tracking-Modes
The direction of the vector pointing from the ground to the sun as source of irradiation is
given as the angle pair (θs,ϕs). Here, θs is the polar and ϕs the azimuthal angle as labeled
in Figs. B.1 a) and b). A solar module as the receiver of the irradiation would see the
sun under that angle pair if it was lying flat on the ground. In spherical coordinates the
Fig. B.1: Definition of the angles (θs, ϕs) in the a) (x,z) and b) (x,y) plane pointing at the
sun and the tilt angle θc and turning angle ϕc of the module.
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normalized solar vector ~s pointing from the modul at the sun is described as [182]
~s =

sin θs cosϕs
sin θs sinϕs
cos θs
 . (B.1)
A tilting by θc and turning by ϕc of the solar module is mathematically equivalent to a
coordinate transformation into the system (x˜,y˜,z˜). The rotational matrixes are [183]
Dy =

cos θc 0 − sin θc
0 1 0
sin θc 0 cos θc
 and Dz =

cosϕc sinϕc 0
− sinϕc cosϕc 0
0 0 1
 . (B.2)
The new solar vector ~˜s in the coordinate system of a tilted and turned module is then given
by
~˜s = DyDz~s =

sin θs cos θc cos(ϕs − ϕc) + sin θc cos θs
sin θs sin(ϕs − ϕc)
− sin θc sin θs cos(ϕs − ϕc) + cos θc cos θs
 =

s˜x
s˜y
s˜z
 . (B.3)
The new solar incidence angles in the coordinate system of the module are now given by
θ˜inc = (^~˜s, z˜) (B.4)
= arccos(s˜z) = arccos(− sin θc sin θs cos(ϕs − ϕc) + cos θc cos θs)) (B.5)
ϕ˜inc = (^~˜sx,y, y˜) = arccos
(
s˜y√
s˜2y + s˜2x
)
(B.6)
= arccos
(
sin θs sin(ϕs − ϕc)√
(sin θs sin(ϕs − ϕc))2 + (sin θs cos θc cos(ϕs − ϕc) + sin θc cos θs)2
)
Here, ~˜sx,y is the solar vector projected onto the (x˜,y˜)-plane.
No Tracking
In case of no tracking, the above angles are used in the simulation of the annual yield.
The following paragraphs give the incidence angles of the sun in the coordinate system
of the solar cell in the four considered tracking modes. The explanations start with the
easiest calculation:
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Perfect Tracking
For perfect two-axis tracking,
θ˜inc = 0◦ (B.7)
and
ϕ˜inc = arbitrary , (B.8)
so that the area of the solar module always faces the sun under a normal angle.
Azimuthal Tracking
Tracking around the azimuthal axis is mathematically expressed as
ϕs − ϕc != 180◦ . (B.9)
The tilted module always faces the sun. Thus,
θ˜inc = θc − θs and (B.10)
ϕ˜inc = −90◦ for θs > θc, (B.11)
ϕ˜inc = 90◦ otherwise . (B.12)
Horizontal Tracking
In case of horizontal tracking, the module tilt angle θc is varied so that θ˜inc is minimized.
Mathematically this corresponds to the condition
∂θ˜inc
∂θc
!
= 0 . (B.13)
(The second derivative must be positive to guarantee that the extreme value is a mini-
mum.) With arccos( f (x))h = − f h(x)√
1− f 2(x)
the condition yields
θc = arctan(− cos(ϕs − ϕc) tan(θs)) . (B.14)
Around noon, as easiest example, the traveling sun and the module are typically aligned
so that ϕs − ϕc = 180◦ is valid and thus − cos(ϕs − ϕc) = 1. Then, the tilting angle would
be θc = θs, and in this case, the light impinges perpendicularly (θ˜inc = 0◦).
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Polar Tracking
For polar-axis tracking, the module is rotated around its x-axis by an angle δr. The rotation
matrix is
Dx =

1 0 0
0 cos δr sin δr
0 − sin δr cos δr
 . (B.15)
The z-component of the new vector ~˜˜s = Dx~˜s determines the new incidence angle
˜˜θinc = arccos(− sin δr sin θs sin(ϕs−ϕc)+cos δr(− sin θc sin θs cos(ϕs−ϕc)+cos θc cos θs)) .
(B.16)
This angle is then minimized in respect to δr;
∂ arccos( ˜˜sz)
∂δr
!
= 0 . (B.17)
For the angle δr this implies
δr = arctan
( − sin θs sin(ϕs − ϕc)
(− sin θc sin θs cos(ϕs − ϕc) + cos θc cos θs)
)
. (B.18)
The angle ˜˜ϕinc is calculated analogously to ϕ˜inc. Inserting δr gives the azimuthal angle of
˜˜ϕinc = 90◦ and = −90◦, respectively.
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